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ABSTRACT
Empirical Studies of Ionospheric Electric Fields
by

Ludger Scherliess, Doctor of Philosophy
Utah State University, 1997

Major Professor: Dr. Bela G. Fejer
Department: Physics

The first comprehensive study of equatorial- to mid-latitude ionospheric elec

tric fields (plasma drifts) is presented, using extensive incoherent scatter radar mea

surements from Jicamarca, Arecibo, and Millstone Hill, and F-region ion drift meter

data from the polar orbiting DE-2 satellite. Seasonal and solar cycle dependent
empirical quiet-time electric field models from equatorial to mid latitudes are de

veloped, which improve and extend existing climatological models. The signatures

of electric field perturbations during geomagnetically disturbed periods, associated

with changes in the high-latitude currents and the characteristics of storm-time

dynamo electric fields driven by enhanced energy deposition into the high-latitude

ionosphere, are studied. Analytical empirical models that describe these perturba

tion drifts are presented.

The study provided conclusive evidence for the two basic components of iono

spheric disturbance electric fields. It is shown that magnetospheric dynamo electric

fields can penetrate with significant amplitudes into the equatorial- to mid-latitude

ionosphere, but only for periods up to 1 hour, consistent with results from the Rice
Convection Model. The storm-time wind-driven electric fields are proportional to

lV

the high-latitude energy input, vary with local time and latitude, and have largest
magnitudes during nighttime. These perturbations affect differently the zonal and
meridional electric field components. It is shown that equatorial zonal electric fields
(vertical drifts) can be disturbed up to 30 hours after large enhancements in the
high-latitude currents.

These perturbation

electric fields are associated with en-

hanced high-latitude energy deposition taking place predominantly between about
1-12 hours earlier and found to be in good agreement with the Blanc-Richmond
disturbance dynamo model. A second class of perturbations

occurs around mid-

night and in the dawn-noon sector with delays of about 18-30 hours between the
equatorial- and the high-latitude disturbances , and maximizes during locally quiet
geomagnetic times.
The latitudinal variation of the meridional disturbance electric fields (zonal
drifts) is also presented.

It is shown that these perturbation

predominantly downward/equatorward

electric fields are

at all latitudes and due to both prompt

penetration and disturbance dynamo electric fields. These results are also generally
consistent with predictions from global convection and disturbance dynamo models.
(187 pages)
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CHAPTER

1

INTRODUCTION
1.1

The Earth's Ionosphere
The Earth's atmosphere extends from the ground (or the surface of the oceans )

to the upper boundary of the atmosphere , which is generally defined as the highest
region rotating together with the Earth , ranging from about 20,000 to 40,000 km.
Above a height of about 70 km , extreme ultraviolet (EUV) radiation from the sun
ionizes part of the neutral gas and produces significant ions, electrons , and relat ed
currents. This region is called the ionosphere. Although the ions and electrons in
t his region are only a minor constituent and make up less than 1% of the total
number densit y at typical ionospheric measurement heights (~ 100-1000 km ), they
strongl y affect the surrounding medium . In turn , the dynamics of th e ionospheric
plasma is controlled by a number of coupled processes , involving producti on and
loss of ionization , electrodynamic plasma drifts , neutral winds , and diffusion , and
by th e Earth 's magnetic field [Rishbeth and Garriott , 1969; Kelley , 1989].
The vertical structure of the ionosphere is determined by the relative ratio of
ionization and recombination and by transport processes. In the lower ionosphere ,
below about 250 km , ion-neutral chemistry and electron -ion recombination are the
dominant processes . Above about this altitude transport of ionization becomes
more and more important as the diffusion rate becomes comparable to the chemical
loss rate. Although the ionospheric vertical structure varies strongly from day to
night , with the seasons, and also with latitude, distinct layers can be identified .
These layers are labeled the D, E, Fl , and F2 layer in order of increasing altitude.
At nighttime the D and Fl layers disappear, and one commonly refers to altitudes
below and above about 180 km as the E-region and F-region , respectively . The
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number density of ionization reaches its maximum at an altitude of about 300 km
(this can vary from about 200 to 600 km), which is generally called the "F-region
peak."
The latitudinal classification of the ionosphere into the high- , mid- , and lowlatitude ionosphere mostly results from the geometry of the Earth 's magnetic field.
The high-latitude ionosphere, poleward of about 60° invariant latitude , is directly
connected to the magnetosphere through the magnetic field lines. This imposes
many important consequences on the characteristics of the high-latitude ionization .
The dominant source for momentum and energy in this region comes from magnetospheric particle precipitation and strong electric fields which drive the highlatitude convection. Electric currents associated with these electric fields heat the
ions and the neutral gas through Joule heating at altitudes below about 200 km.
Although the mid and low latitudes are generally shielded from the effects of these
magnetospheric processes , they can be exposed to them during geomagnetic actiYe
conditions .
Ionospheric electric fields from low to mid latitudes, which are the focus of
this dissertation , result from the dynamo action of neutral winds blowing in the
upper atmosphere and also from the penetration of electric fields of magnetospheric
origin to the lower latitudes.

In the ionospheric F-region , where the ratio of the

gyrofrequency to the collision frequency is very large (> 103 ) for both ions and
electrons, the plasma drift perpendicular to the Earth's magnetic field is related to
the electric field by

(1.1)

where E and B are the electric and the magnetic field vectors, respectively.

3

These ionospheric plasma drifts and/ or the corresponding electric fields have
been studied extensively over the past three decades using radar and satellite observations and their major characteristics have been determined [e.g., Kelley, 1989;

Fejer, 1997]. Whereas at high latitudes plasma drift velocities of more than 1 km/s
are observed, the low- and mid-latitude plasma drift velocities have typic al magnitudes of only several tens of a m/s. Although these drifts seem to be rather small,
their effects are dramatic. At equatorial and low latitudes where the magnetic field
lines are nearly horizontal , plasma drifts are particularly important for the vertical
distribution of ionization which for example, in combination with diffusion, creates
the equatorial Appleton anomaly and can trigger instabilities in th e ionospheric
plasma [e.g., Kelley , 1989].
Empirical models , which are by definition based on measurements , have been
developed to describe the global ionospheric electric fields at high latitudes [e.g.,

Heppner and Maynard, 1987] and mid to low latitudes [Richmond et al., 1980].
The latter model has clear limitations and is only valid during solar minimum and
geomagnetic quiet conditions. The present work will hopefully provide a useful step
towards a "truly" global empirical ionospheric electric field model.

1.2

Overview of This Work
This dissertation presents the most comprehensive empirical study of the

large-scale (typically greater than 100 km horizontally), equatorial- , low-, and midlatitude ionospheric electric fields during geomagnetically quiet and active periods.
High-latitude electric fields are not considered in this study , although the effects of
high-latitude processes on the lower latitude electric fields will be a major emphasis of this work. Instability processes such as equatorial spread-F (ESF) are also
outside the scope of the present work.

4
We have used F-region ionospheric plasma drift observations from the incoherent scatter observatories at Jicamarca, Peru; Arecibo, Puerto Rico ; and Millstone
Hill , Massachussetts, as well as ion drift meter (IDM) data from the Dynamics Explorer 2 (DE-2) satellite. The observed drift velocities are related to the ionospheric
electric field through Equation 1.1.
Based on these data sets we have developed empirical representations

for

the ionospheric plasma drifts from equatorial to mid latitudes (invariant latitudes
smaller than 60°) for extended geomagnetic quiet conditions.

For the equatorial

vertical plasma drifts , for which we have the largest database, we hav e developed a
solar flux dependent 15-day average extended quiet-time model.
The focus of this dissertation will be first the separation and then the empirical
representation

of electric field (plasma drift) perturbations

resulting from the two

major high-lati t ude dynamo processes, namel y, the magnetospheric
the ionospheric disturbance

dynamo and

dynamo . The modeling of the diurnal variation and

temporal evolution of these disturbance electric fields will be the major emphasis in
this work. Our results will also be compared with those from global convection and
disturbance dynamo models.
This dissertation comprises six chapters.

In the first chapter, we present an

introduction to ionospheric electric fields. Chapter 2 describes the relevant measurement techniques for ionospheric plasma drift observations and gives an overview of
previous observational and theoretical work. Chapter 3 presents empirical studies
of the quiet-time ionospheric electric fields from equatorial to mid latitudes. Chapter 4 outlines the methodology for our storm-time study and presents our results
for equatorial vertical plasma drifts during disturbed conditions. In Chapter 5, the
storm-time

zonal plasma drifts from low to mid latitudes are presented . Finally ,

0

Chapter 6 summarizes our major conclusions and presents suggestions for further
studies of ionospheric electric fields.
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CHAPTER
PREVIOUS

STUDIES

OF LOW- AND MID-LATITUDE

IONOSPHERIC
2.1

2

ELECTRIC FIELDS

Introduction
The ionospheric electric field plays an important role on the distribution of

plasma and on the dynamics of the equatorial- and low- to mid-latitude thermosphere. Ionospheric electric fields are particularly important at equatorial latitudes ,
where they drive the equatorial electrojet and F-region vertical plasma motions , and
affect the thermospheric neutral winds, the development of the Appleton anomaly ,
the composition of the low-latitude ionosphere and protonosphere , and the generation of E- and F-region plasma instabilities [e.g., Fejer, 1996]. Over the last decades,
significant progress has been achieved in the understanding of the morphology of
electrodynamic plasma drifts and electric fields in the plasmasphere , particularly
during geomagnetic quiet times. Several empirical climatological models have been
developed to describe the quiet-time ionospheric electric fields (plasma drifts ), and
more recently , theoretical and empirical models have determined the relevant dynamo processes. However, during geomagnetically active conditions, the ionospheric
electric fields are strongly affected by several magnetospheric and ionospheric disturbance dynamo processes , which cannot be accounted for by these climatological
models. Although storm-time electric fields have also been studied extensively, there
are still some fundamental difficulties for the understanding of their signatures and
driving mechanisms.

The characteristics of the ionospheric disturbance dynamo

electric fields have not been fully determined, and it has not yet been possible to
fully separate the contributions of the magnetospheric and ionospheric disturbance
dynamo processes. Furthermore, very limited qualitative comparisons between the-
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oretical predictions and observations have been performed.
In this chapter, we will first introduce the most commonly used geomagnetic
indices for storm-time ionospheric studies, then briefly describe several measurement
techniques relevant for ionospheric electric field studies and review the observational
and theoretical work on ionospheric dynamics and electric fields, during geomagnetic
quiet as well as active periods.
2.2

Geomagnetic

Indices

Since the mid-1800s, extraordinary fluctuations in the Earth's magnetic field
have been associated with magnetic storms . Since then , the morphology and characteristics of these storms have been subject to many extensive studies and an attempt
to review them in detail is far beyond the scope of this dissertation. The interested
reader is referred to the article of Gonzalez et al. [1994] and references therein.
Here, it is sufficient to define a magnetic storm as a large enhancement in auroral
activity, to be defined more precisely later , over periods of several hours. The atmospheric effects and phenomena associated with geomagnetic activity are numerous
and affect the thermosphere and ionosphere from polar to equatorial latitudes . Geomagnetic indices, derived from magnetic field fluctuations, are commonly used to
classify and study these ionospheric disturbances. Here , we introduce only the most
commonly used geomagnetic indices for ionospheric studies .
The most common geomagnetic index used in low- to mid-latitude ionospheric
studies is the Kp index. This index, introduced by Bartels in 1932, is based on measurements of the irregular variations of the standard magnetic field measurements
from 12 magnetometer stations between 48° and 63° geomagnetic latitude.

The

index ranges from a value of 0 to 9 on a quasilogarithmic scale in steps of a third of
an integer in a given 3-hour interval of the universal time day [e.g., Mayaud , 1980].

8

The auroral electrojet (AE) index, introduced by Davis and Sugiura [1966],
measures the global electrojet activity in the auroral zone. Today, this index is
widely used in studies of geomagnetism, aeronomy, and solar-terrestrial physics.
The AE index is derived from measurements of the horizontal component of the
geomagnetic variations from an array of auroral zone observatories. At each station
a monthly quiet-time value is determined and subtracted from the observations.
Finally , for a given time , the largest and smallest values are selected from all contributing stations. The largest positive value from all stations is called the AU index
and the largest negative value is the AL index. The difference between the AU and
AL index determines the auroral electrojet (AE) index. Whereas the AU and AL
indices typically express the strongest current densities of the eastward and westward auroral electrojet , respectively , the AE index represents the overall activity of
the auroral electrojets .
The accuracy of the determination of auroral activity based on AE depends
on the number of contributing stations and their spatial distribution.

Hourly AE

indices based on 10 stations were published for the years 1957 to 1964 and 2.5 minute
values are available for the time period from September 1964 until 1974. Since 1974
the number of contributing stations has been increased to a total of 12 stations
located within a latitudinal belt from 62.5° to 71.6° corrected geomagnetic latitude
on the northern hemisphere. Since 1975 the AE index has also been available with a
time resolution of one minute. Unfortunately, standard AE indices are currently not
available for the years 1976 and 1977 and after June 1988, except for a few selected
periods. For several more recent years, preliminary AE indices, based on 11 stations,
have been published by the World Data Center C2 for Geomagnetism in Kyoto ,
Japan. AE indices based on a larger number of high-latitude magnetometer stations

9
(typically 60-70 stations) are also available but only for some selected periods and
do not cover the entire 20 years of radar measurements.
Several limitations have to be kept in mind when using the standard AE
indices for the parametrization of auroral activity. During intense magnetic storms,
the position of the auroral electrojets move equatorwards and may, at times, be
equatorward of the observing stations. Furthermore, auroral activity , particularl y
during substorms, is often restricted in its longitudinal extend and can be missed by
the array of observatories . Lu et al. [1996] compared AE indices based on 10 out of
the 12 standard AE stations with values calculated from 63 high-latitude stations
for the March 1992 storm period and found that the average value of AE(lO) is
about 28% smaller than the "true" AE index (i.e., AE(63)). Nevertheless, the AE
index is currently our best representation of auroral activity and will be widely used
in this dissertation .
Another index that is often used in low-latitude studies is Dst . This index
represents variations in the horizontal component of the geomagnetic field due to
changes in the ring current and is available at hourly intervals computed from an
array of low-latitude magnetometer stations [e.g., Mayaud, 1980].
2.3

2.3.1

Experimental

Results

Measurement Techniques
In this section we introduce the observational techniques that have been used

to study ionospheric electric fields and plasma drifts. A complete review of these
measurement techniques would be overwhelming and is far beyond the scope of
this work. The interested reader might find useful additional information in Kelley
[1989]. Here, we intend to present a brief overview of these techniques with a special
emphasis on the incoherent scatter radar technique.

10

At low to mid latitudes, incoherent scatter radar observations of plasma drifts
currently provide the major source of information about F-region electric fields. The
incoherent , or Thomson scatter radar technique, relies on the detection of electron
density fluctuations , generated by thermal random motion of the electrons. W. E.
Gordon suggested in 1958 that the backscatter of high frequency electromagnetic
radiation by free electrons in the ionosphere could be detected , using a high-power
transmitter and a sensitive antenna. This idea was successfully implemented in the
same year by Bowles [1958]. Many theoretical papers have since then been published
on the theory of incoherent scatter and nowadays this is one of the best understood
areas in plasma physics [e.g., Farley , 1970, 1996; Evans, 1969, 1972]. The analysis of
the backscattered wave provides , for example, the plasma density (ne), the ion and
electro n temperatures (~ and Te), the ion-neutral collision frequ ency (vin), and the
bulk drift velocity of the plasma. The temperatures and the plasma composition affect the broadening of the received spectrum and the plasma densit y is proportional
to the returned power. The plasma line-of-sight drift velocities are given by the
Doppler offset of the received spectrum from the transmitted frequenc y. Although
the radar typically measures these ionospheric parameters simultaneously , here we
are only interested in the bulk plasma motion perpendicular to the geomagnetic
field. In this geometry the electric field can easily be derived from the plasma drift
velocity observations by inverting Equation 1.1, i.e.,

EJ_= -v X B
where vis the drift velocity vector and

B is the

(2.1)

Earth 's magnetic field vector.

The locations of the relevant low- and mid-latitude incoherent scatter radars
are given in Table 2.1, together with their periods of drift observations and operation
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Table 2.1. Mid- and Low-Latitude Incoherent Scatter Radars

Radar
Site
Millstone Hill
Saint Santin
MU
Arecibo
Jicamarca

Geographic
Coordinates
Lat( 0 ) Lon( 0 )
43
45
35
19
-12

-72
2
136
-67
-77

Magnetic
Coordinates
Lat( 0 ) Lon( 0 )
57
40
29
31
1

Period of
Observations

1 1974-present
78 1967-1986
207 1985-present
5 1969-present
-8 1968-present

Operation
Freguency
MHz
440
935
46
430
50

frequencies . The most extensive database of incoherent scatter radar observations
comes from the Jicamarca radar. This radar is located close to the dip equator
near Lima , Peru . The radar consists of a 2 MW transmitter and a large square
array antenna of 18,432 half-wave dipoles covering an area of nearly 85,000 m 2 .
The Jicamarca plasma drift measurement techniques as well as initial results were
described by Woodman [1970, 1972]. The radar usually provides accurate F-region
plasma drift measurements between about 200 and 600 km altitude, with a height
resolution of 20-45 km.
To reduce the statistical noise, the data are averaged in time with an integration time of about 1-5 minutes . The accuracy of the vertical and zonal daytime
drifts is of the order of 1-2 m/s and 15-20 m/s, respectively. During nighttime, the
measurement uncertainties are somewhat larger due to a lower signal-to-noise ratio.
In the F-region over Jicamarca , an upward (eastward) plasma drift velocity of 40
m/s correspond to an eastward (downward) electric field of about 1 mV /m.
At Arecibo the initial ionospheric plasma drift observations were made at
three fixed positions with a time resolution of about 1 hour. The measurement
technique as well as initial results was presented by Behnke [1971]. Since 1981 the
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Arecibo incoherent scatter radar has obtained F-region drift velocities by scanning
the ionosphere over 360° in azimuth at a fixed elevation of 75°. The cycle period
is about 16 minutes and typically 12 line-of-sight velocities are taken during one
scan. Measurements in 19 range gates above about 160 km altitude were made until
October 1985 and measurements in 13 range gates from then on. Over Arecibo,
an upward/northward

(eastward) plasma drift velocity of 27 m/s corresponds to an

eastward ( downward/southward) electric field of about 1 m V/m. The typical error
of the drift measurements is of the order of 10 m/s .
A problem associated with radar drift measurements is an instrumental offset
of the order of 10-20 m/s , associated with a small phase shift during the transmission
of the radar pulse. This offset is generally referred to as the "transmitter chirp,"
and affects the drifts parallel to the magnetic field and upward/northward

in the

plane perpendicular to the magnetic field. The horizontal (zonal) component is not
affected, since it is obtained by taking differences of line-of-sight velocities. A post
processing to remove this offset from the Arecibo data was described by Berkey et
al. [1990].

Since 1985 a multifrequency technique has been used at Arecibo, which resulted in a significantly smaller statistical error of the measurements , when the
signal-to-noise ratio is much larger than one, and also allowed for the automatic
removal of the chirp offset [Sulzer, 1986].
The Millstone Hill incoherent scatter radar facility consists of a fixed 68-m
diameter zenith antenna and a fully steerable 46-m diameter antenna capable of
monitoring the ionosphere over a large spatial range spanning more than 30° in
latitude and 4 hours in local time at F-region heights. Due to the offset of the geomagnetic pole nearly along the Millstone Hill meridian , this radar is well suited for
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studies of high-latitude, auroral, and mid-latitude phenomena, particularly during
magnetic storms. The local drift measurements over Millstone Hill are estimated
from observations in three directions , under the assumption of an uniform ion velocity field. Typically, these measurements are made to the north and west at elevation
angles of 60° and one measurement towards the zenith [Buonsanto et al., 1993]. The
typical error of the measurements is for our data set about 8 m/s .
The Saint Santin incoherent scatter radar site operated originally on a bistatic
mode with a transmitter in Saint Santin and a receiver at a distance of 302 km in
Nan<;ay [Bauer et al., 1974). In 1973 two additional receivers were installed in
Monpazier and Mende (approximately 100 km from t he transmitter site), allowing
for a determination of the three-dimensional ion drift vector. This radar operated
until 1986.
The MU radar in Shigaraki, Japan, is the newest of the mid- and low-latitude
ionospheric incoherent scatter radars. This radar is a monostatic radar with a 103-m
diameter circular array antenna. The MU radar system has been discribed by Fukao

et al. [1985a, 1985b], and its sensitivity for incoherent scatter radar observations by
Sato et al. [1989].
Several other ground-based measurement techniques have been used for the
study of ionospheric electrodynamics.

These include spaced-receiver techniques ,

ionosonde measurements , magnetometers , and coherent scatter radars. These techniques have clear restrictions for their use in ionospheric plasma drift monitoring.
Ionosondes, unless mounted on a satellite , can only monitor the bottomside of the
ionosphere, and do not provide reliable drift measurements except near sunset.
Spaced-receiver techniques require the presence of ionospheric F-region irregularities at mid to low latitudes and are essentially restricted to nighttime periods .
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Magnetometers only measure the ionospheric electric fields indirectly and can be
contaminated by ring current effects. Furthermore , magnetometers do not provide
reliable electric field observations at nighttime.
In addition to ground-based ionospheric electric field and plasma drift obser-

vations, satellite-based in situ measurements have also been successfully performed.
These measurements have the advantage that they cover the ionosphere on a global
scale. In the past two decades observations of ionospheric plasma drifts and electric
fields have been made using ion drift meter (IDM) and vector electric field measurements on board of polar orbiting as well as low inclination satellites. These satellites
include the Dynamics Explorer 2 (DE-2), the Atmospheric Explorers (AE-C, AE-D ,
AE-E), and the San Marco satellites.
The ion drift meter is an extension of a retarding potential analyzer and measures the bulk ion drift velocity perpendicular to the satellite's trajectory by determining the angles of arrival of the ions (1° correspo nds to 140 m/s). On the DE-2
sate llite the ion drift meter measured the plasma motion parallel to the sensor 's
face using a gridded collimator and multiple collectors to determin e the direction
of arrival of the plasma. The angle of arrival of the plasma was determined by the
ratio of the currents to the different collector segments. To determine this ratio, the
ion drift meter on board the DE-2 consisted of two sensors, the standard drift sensor
and the universal drift sensor (UDS) . In the UDS technique , both components of
the drift velocity perpendicular to the satellite's trace could be simultaneously measured. The electric field can then be derived through the same iJ x

B relationship

as

for the incoherent scatter radar (Equation 2.1). The ion drift meter has its largest
sensitivity for

o+ and

heavier ions, largely independent of the spacecraft potential.

The typical uncertainty of these measurements is of the order of 10 m/s. At higher
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altitudes (above about 800 km) during the night, lighter ions may be dominant
and both the satellite potential and the ion thermal energy become compa rabl e to
the ram energy, thereby decreasing the accuracy of the measurements [Pfaff, 1996].
Further information on this instrument can be found in Heelis et al. [1981].
Observations

2.3.2
2.3.2.1

Quiet-Time Electric Fields

Most of our knowledge of ionospheric electric fields is based on plasma drift
measurements either by incoherent scatter radar or by in situ satellite observations.
These measurements have revealed many of the interesting features of ionospheric
electric fields and plasma drifts, including the superrotation of the low-latitude
F-region zonal plasma flow [Woodman, 1972; Coley and Heelis, 1989], vertical gradients in the zonal and vertical equatorial electric fields [Fejer et al., 1985; Pingree

and Fejer, 1987; Coley and Heelis, 1989], conjugate effects [Fejer, 1993], day-to-day
variability [Fejer et al., 1989], the occurrence of instabilities [Farley et al., 1970;

Fejer, 1996], and many more. The average daily (climatology) pattern of ionospheric electric fields has also been studied extensively by many authors [e.g., Blanc

and Amayenc , 1979; Coley and Heelis, 1989; Fejer et al., 1991, 1995; Heelis and
Coley, 1992; Buonsanto et al., 1993; Fejer, 1993; Oliver et al., 1993]. These studies
have, for example, addressed the seasonal , solar cycle, longitudinal , and latitudinal
dependence of the height averaged F-region quiet-time electric fields and also their
driving mechanisms. Here, we concentrate on results of these climatological studies.
Figure 2.1 shows a compilation of average quiet-time drift components perpendicular to the geomagnetic field in the upward / northward and zonal direction ,
obtained by the incoherent scatter radars given in Table 2.1. The data are given
for low and high solar-flux conditions (for Saint Santin the solar cycle dependence
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Figure 2.1. Seasonal average quiet-time E x B drift components obtained by the
incoherent scatter radars listed in Table 2.1. The solid and dashed lines denote the
low and high solar activity pattern , respectively (after Richmond et al., 1980).
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has not yet been determined), and three seasons: May through August (J months) ,
November through February (D months), and the two combined equinoxes, MarchApril and September-October

(E months).

Both drift components show strong

diurnal variations at all latitudes, and vary with season and solar flux.
At mid latitudes the upward/poleward

drifts tend to be positive in the morn-

ing sector with peak values near 25 m/s, and negative during the afternoon with
amplitudes smaller than about 15 m/s. At equatorial latitudes the drifts are upward
during the day and downward at night.
The general characteristics of the low- to mid-latitude zonal plasma drifts can
be described as westward from the morning until the afternoon and eastward at
latter local times. Typical daytime drift values are of the order of 20 to 50 m/s ,
whereas during nighttime larger values can be observed. The strongest zonal drifts
are found at the magnetic equator , with nighttime peak velocities greater than 100
m/s. Generally the nighttime drifts are stronger during high solar-flux conditions
than during times of low solar flux. Towards upper mid latitudes , between about
the location of Saint Santin and the location of Millstone Hill, the zonal plasma
drifts become predominantly westward with small eastward drifts around noon.
At equatorial latitudes most of the information on ionospheric plasma drifts
has come from the incoherent scatter radar in Jicamarca, Peru. These drifts have
a strong diurnal variation and can, to first order, be described as up and to the
west during the day , and down and to the east during the night . One of the most
interesting features in the equatorial vertical drift is the strong upward enhancement of the drift around sunset, right before the drift reverses to the downward
direction, which is generally referred to as the "pre-reversal enhancement. " Figure
2.2 illustrates this feature on the example of Jicamarca equinoctial vertical drift
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Figure 2.2. Average daily pattern of the equinoctial Jicamarca vertical drifts
during low and high solar-flux conditions.

averages for low and high solar-flux conditions. The pre-reversal enhancement predominantly occurs during September and April with peak velocities of up to 60 m/s
during solar maximum conditions, but with much smaller amplitudes during solar
minimum.

Near solar maximum the pre-reversal enhancement controls the near-

equatorial ionosphere for several hours after sunset, due to the strong uplift of the
ionization . Several theoretical explanations have been given over the past for the
pre-reversal enhancement and will be reviewed in Chapter 2.4.1. A detailed study
of the seasonal and solar cycle dependence of the equatorial plasma drifts based on
Jicamarca measurements is given in Chapter 3.
Equatorial F-region plasma drifts have also been studied with ionosondes in
the Peruvian, Brazilian, and Indian sectors [e.g., Abdu et al., 1981; Sastri et al.,
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1995] and recently with satellite data [Coley and Heelis, 1989; Fejer et al., 1995]. As
mentioned above, the ionosonde technique does not provide reliable daytime drifts.
Figure 2.3. shows the good agreement between the averaged F-region vertical drifts
obtained by the Jicamarca radar and the longitudinally averaged ion drift meter
data obtained by the AE-E satellite [Fejer et al., 1995].
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Figure 2.4 shows the comparison of Jicamarca evening vertical drifts with
ionosonde measurements from the nearby Huancayo Observatory (12.0°S, 70.3°\!V).

Fejer et al. [1996] observed that the ionosonde drifts can significantly underestimate
the radar and satellite values near solar maximum and explained these discrepancies
by the different height ranges sampled by the two techniques, the curl-free electric
field condition, and the F-region plasma circulation. They concluded that the lower
F-region vertical plasma drifts increase with altitude during equinox and December
solstice near solar maximum.
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The longitudinal dependence of the equatorial drift was studied by Fejer et

al. [1995] using data from the AE-E satellite.

Figure 2.5 shows their results in

the afternoon sector for the June solstice vertical drifts . Clearly strong longit udinal
differences in the amplitudes and the reversal times of the drifts are observed.
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The latitudinal structure of the longitudinally averaged zonal plasma drifts
(meridional/vertical electric field) has been studied by Heelis and Coley [1992] using
ion drift meter data from the DE-2 satellite. Their results for geomagnetic quiet
conditions are shown in Figure 2.6 in the left panel. In agreement with the radar
results , the quiet-time zonal drifts are eastward at night and westward during the day
at low latitudes with increasing amplitudes towards the equator. At mid latitudes ,
close to the location of Millstone Hill (Inv. Lat.~ 54°), the zonal drifts are westward
at night and have small eastward values around noon . With increasing latitude ,
towar ds the auroral zone, the drifts are eastward from about midnight to noon and
westward from noon to midnight.

Here, the average zonal drift velocities reach

values between about 100 to 150 m/s , indicating the increased influence of auroral
electric fields.
A detailed study of the latitudinal plasma drift variations during geomagnetic
quiet times is given in Chapter 3.
2.3.2.2

Storm-Time Ionospheric Electric Fields

In this section we will describe observations of ionospheric electric fields (plasma
drifts) during geomagnetically disturbed conditions. Here again, we do not intend
to review the overwhelming work that has been done in the past ; instead we like
to illustrate the global occurrence of disturbance electric fields and the two basic
techniques (climatological and case-by-case studies) and in particular illustrate their
limitations. For more detailed information on the previous work, the reader might
be referred to the review articles of Fejer [1986, 1997].
During geomagnetically active conditions, the ionospheric electric fields can
substantially differ from their quiet-time patterns.

Storm-time electric fields have

been examined in a large number of case-by-case studies and in average climatolog-
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Figure 2.6 . Longitudinal and seasonal averaged zonal ion drifts as a function of
local time for 5 different latitudes. The left column corresponds to geomagneticall y
quiet conditions (Kp:::;2.0) and the right column to geomagneticall y active conditions
(Kp2:3 .0). The solid curves are obtained from a fit to the data with a de offset and
4 tidal components . The vertical bars indicate the scatter abou t the mean (after
Heelis and Coley, 1992).
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ical studies. Case studies generally focus on well defined but often unusual storm
events, whereas statistical studies generally cannot decouple effects from competing
mechanisms. Despite these inherent limitations, these studies have provided much
important information about the occurrence and morphology of storm-time electric
fields.
The latitudinal structure of the zonal plasma drift during average geomagnetically disturbed conditions (Kp 2: 3.0), as obtained by the DE-2 spacecraft, is shown
in the right-hand column of Figure 2.6 [Heelis and Coley, 1992]. A comparison with
the left column of the same figure, which shows the zonal drift pattern during geomagnetically quiet times (Kp s; 2.0), clearly shows the observed differences, namely ,
westward perturbations in the zonal drift velocities, particularly at nighttime . It was
pointed out that these differences are a result of prompt penetration electric fields
of magnetospheric origin, ionospheric disturbance dynamo electric fields, and the
expans ion of the auroral oval [Heelis and Coley, 1992]. Similar studies have been
performed using observations at Millstone Hill [Buonsanto et al., 1993], Arecibo

[Fejer, 1993], and Jicamarca [Fejer et al., 1991], and also in situ drift observations
by the San Marco D satellite [Maynard et al., 1995]. Although all of these climatological studies observed the different characteristics of storm-time electric fields,
they did not separate the effects due to different perturbation sources.
In addition to the statistical climatological studies, many case-by-case studies have been performed.

Coordinated campaigns like SUNDIAL and GISMOS

(Global Ionospheric Simultaneous Measurements of Substorms) have studied the
global occurrence of storm-time electric fields [e.g., Fejer et al., 1990a, b]. Figure
2.7 shows interplanetary and auroral electro jet magnetic field data together with
the zonal electric field at four different latitudes in the American sector , during the
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January 1984 GISMOS campaign. The smooth solid lines indicate the quiet-time
patterns. Clearly strong departures from the quiet-time pattern at all latitudes are
observed. The interpretation of these disturbances has often been puzzling. For
example , note in Figure 2.7 the very large perturbations seen at Jicamarca right
after midnight on January 19, coincident with the onset of substorm activity as
indicated by the auroral magnetograms . In contrast, at Arecibo and Millstone Hill
no significant disturbances could be detected during this time [Fejer et al., 1990b].
These case-by-case observations have also significantly improved our understanding
of storm-time electric fields but did not quantitatively separate the perturbation
source mechanisms. Furthermore , only very limited convincing experimental evidence for the existence of ionospheric disturbance dynamo electric fields has been
provided by these studies [e.g., Fejer et al., 1983; Fejer, 1986]. In Chapter 5, ,ve
will conclusively show, for the first time , that storm-time ionospheric dyn amo electric fields are a major source of disturbance electric fields. We will, furthermore ,
decouple the effects of competing perturbation sources , operating on different time
scales, and determine their contributions to the observed storm-time electric fields.

2.4
2.4.1

Theoretical

Results

Quiet-Time Electric Field Models
The fundamental source for F-region ionospheric electric fields and plasma

drifts during geomagnetic quiet times is the ionospheric dynamo. Neutral winds,
driven by pressure gradients in the upper atmosphere, generate currents in the
ionosphere by forcing ions to move across the Earth's magnetic field. In turn,
these currents can create polarization charges, which set up electric fields and also
additional currents such as to satisfy

\7 · J =

0. The time constants to generate

these electric fields can be estimated by using the divergence of

J and

Poisson 's
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equation and turns out to be of the order of 10- 6 seconds. Thus, any divergence in

J will

generate electric fields almost instantaneously.

Rishbeth [1971] pointed out that during geomagnetic quiet times, two different
ionospheric dynamos, the E- and the F-region dynamo, are important
ionospheric plasma drift observations.

to explain

During daytime, the F-region plasma drifts

can largely be explained by the dynamo action of E-region neutral winds. These
winds are associated with atmospheric motions. However, the nighttime low-latitude
drifts can only be explained by taking the dynamo action of F-region winds also
into account.

These polarization electric fields are generated when the F-region

conductivity

is comparable to or larger than the E-region conductivity . The F-

region dynamo electric fields drive the postsunset
upward drift and the superrotation

enhancement

of the equatorial

of the equatorial ionosphere , and can trigger

equatorial spread-F . At higher latitudes , leakage of magnetospheric

electri c fields

might also be important , even during geomagnetic quiet times.
Many theoretical dynamo models have been developed over the past decades
and a detailed review of these studies is beyond the scope of this work. The interested reader might be referred to the review articles of Richmond [1995a, b] and

Fejer [1991, 1997].
In recent years, the major effort of numerical ionospheric electrodynamical
models has been to find a self-consistent solution for the coupled ionosphere-thermosphere system.

The NCAR Thermosphere-Ionosphere-Electrodynamics

General-

Circulation model (NCAR TIE-GCM) [Richmond et al., 1992] is currently the most
complex model that incorporates the mutual coupling and feedback among the neutrals and the plasma.

This model is an extension of the NCAR Thermosphere-

Ionosphere General-Circulation

model of Roble et al. [1988]. The model of Crain
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et al. [1993] takes ionospheric/plasmaspheric

as well as interhemispheric plasma

transport into account to find a self-consistent solution for the global potential and
the ionospheric plasma distribution. This model, however, does not determine the
neutral winds self-consistently . The predictions from these models are generally
consistent with experimental observations.
In addition to the developement of these global ionospheric models much emphasize has also been given to the theoretical understanding

of the pre-reversal

enhancement of the eastward electric field in the dusk sector (see Figure 2.2), which
plays a dominant part in the distribution of ionization and the development of
plasma irregularities in the dusk-midnight sector. The enhancement in the eastward field drives a strong upward plasma drift , which lifts the F-region plasma. It
is generally accepted that the F-region dynamo is the major source for this anomalous electric field enhancement ; however, the exact mechanism is still subject to
debate. Several mechanisms have been proposed over the past two decades , since

Rishbeth [1971] suggested the importance of the F-region dynamo. He suggested
that the pre-reversal enhancement of the vertical drifts results from the curl free
nature of the electric field. The suggestion that charge collection at the solar terminators , where the conductivities rapidly decrease , is the cause of strong zonal electric
fields at sunset was examined by Farley et al. [1986]. In their numerical simulation
the postsunset enhancement of the zonal electric field was reproduced through a
divergence of zonal Hall currents near sunset by using a constant eastward neutral
wind of 200 m/s in the F-region and no meridional and E-region winds. Recently ,

Haerendel and Eccles [1992] proposed the importance of the equatorial electrojet
on the pre-reversal enhancement. In their model , the pre-reversal enhancement is
also driven by zonal neutral winds in the equatorial F-region , but the postsunset
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electric fields are modified through the upward divergence of the equatorial electrojet zonal currents near sunset. Recently, Crain et al. [1993] found good agreement
between the pre-reversal velocity enhancements observed with the Jicamarca radar
and the vertical drift velocities obtained from a self-consistent solution for the global
potential and plasma distribution. Eccles [1993] examined the mechanisms for the
pre-reversal velocity enhancement mentioned above. He suggested that the curl
freeness of the electric field is the key mechanism for the velocity enhancement near
sunset , and that the other two proposed mechanisms (divergence of Hall currents
and equatorial electrojet currents) could alter the shape and the magnitude of the
enhancements.
2.4.2 Electric Field Models During Geomagnetic
Disturbed Periods
During geomagnetic active conditions , the "solar wind-magnetospheri c dynamo " and the "ionospheric disturbance dynamo ," both driven by high-latitud e
processes , are also important sources of ionospheric electric fields at mid , low and
equatorial latitudes . We now describe these processes .
2.4.2.1

Prompt Penetration Electric Fields

During times of steady high-latitude convection , the mid and low latitudes are
effectively shielded from the high-latitude electric fields. At times of large changes in
the high-latitude convection, however, electric fields can significantly leak through
the shielding layer, which has not yet adapted to the new configuration.

These

transient electric fields, which are often called the "prompt penetration electric
fields," can propagate to equatorial latitudes nearly instantaneously (with MHD
wave velocities) and reach the lower latitudes within a few minutes [e.g., Kikuchi
and Araki, 1979]. The lifetime of these electric fields is controlled by the time for
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redistribution of ions in the shielding layer and is of the order of 1 hour for a step
function change in the high-latitude convection.
Several numerical and theoretical global convection models have been developed to study the penetration of high-latitude electric fields to the mid and low
latitudes [e.g., Nopper and Carovillano, 1978; Senior and Blanc, 1984; Spiro et al.,
1988]. These models determine the electric field distribution equatorward of the
shielding layer from a given distribution of the electrostatic potential or the field
aligned currents at high latitudes . The mid- and low-latitude perturbation electric
field patterns predicted by these models for comparable changes in the polar cap
cross potential (or in the high-latitude field aligned currents) are very similar and
the minor differences result mainly from the use of different ionospheric conductivity
models and different assumptions about the plasma sheet and ring current plasmas.
Figure 2.8 shows the electric field components perpendicular to the Earth 's magnetic
field as predicted by the Rice Convection Model at three different latitudes. The
response is shown for undershielding conditions, immediately and 10 and 60 minutes
after a sudden increase in the cross polar cap potential drop from 45 kV to 90 kV.
The zonal perturbation electric fields are eastward/westward during the day /n ight
and the meridional component equatorward from midnight to noon and poleward
at later local times. The exact local time variation of these fields depends mainly
on the electric potential equatorwards of the shielding layer and the ionospheric
conductivity distribution. With increasing storm time, defined as the elapsed time
from the change in the high-latitude potential , the perturbations decrease as a result
of the readjustment of the shielding charges in the inner magnetosphere to the nev.r
polar cap potential drop. It has been shown that the shielding time constant depends on the temperatures in the plasma sheet and on the high-latitude ionospheric
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Figure 2.8. RCM results for t he eastwa rd and sout hward elect ric field pattern at
thr ee different lat itud es following a sudd en incr ease of t he cross pol ar cap pote ntial
from 45 kV to 90 kV. Th e respon se is given immedi ate ly afte r t he increase, 10
minu t es later and 60 minutes later (after Fej er et al., 1990a) .

conductivities [e.g ., Wolf, 1970; Spiro et al., 1988].
During overshielding conditions , immediatel y following rapid decreases in the
polar cap cross potential , the polarities of the prompt penetration electric fields are
reversed [Fejer et al., 1990a].
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2.4.2.2

Disturbance Dynamo Electric Fields

Thermospheric winds at mid latitudes can be driven by enhanced dissipation
of electrical energy from the magnetosphere into the high-latitude ionosphere. The
process of the dissipation of electrical energy is described by Prolss [1997]. Electric
fields set the ionospheric plasma into motion, which in the absence of the neutrals
would establish an unimpeded

E x B drift.

Collisions between the ions and the

neutrals, however, transfer part of the kinetic energy of the plasma to the neutral
gas. The neutral air will consequently move with the ions and strong winds are
generated. In addition, these collisions also produce random motions , which heat
the plasma and the neutrals. The plasma temperature, however, will increase by a
much larger amount since the ionosphere is a weak ionized plasma. In turn, heat
exchange between both gas components will decrease the plasma temperature and
increase the neutral temperature. This complex combination of heat exchange and
direct frictional heating is called Joule heating. Several other important mechanisms
can also effect the heat balance of the lower thermosphere, e.g., plasma instabilities
and viscous heating .
The high latitudinal Joule heating causes up-welling of air and outflow towards the equator at altitudes above about 120 km . Below 120 km , there is a much
weaker return flow due to the conservation of mass flux. The equatorward winds
will, under the influence of the Coriolis force, gradually establish a westward component. These westward winds can continue to flow long after the end of the storm ,
whereas the meridional winds will cease fairly quickly after the heating subsides.
Blanc and Richmond [1980] have studied the dynamo action of these winds and
called it the "disturbance dynamo." In their model, the main driver for the wind
system was assumed to be high-latitude Joule heating. Other wind drivers such as
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particle precipitation and wind generation through collisional drag from ions drifting in strong electric fields were not considered. Particle precipitation also heats up
the upper atmosphere, but at lower altitudes, where the atmosphere is denser and
therefore produces much smaller atmospheric motions . High-latitude winds, generated through drag with the drifting ions, are mainly confined to their generation
region and are less efficient in generating electric fields at mid and lower latitudes .
The zonal wind will force the ions, through drag, to move in the westward direction ,
which in combination with the downward component of the magnetic field generates
an equatorward Pedersen current, where the cross-field conductance is high (about
150 km). This current builds up polarization charges at the equator and a poleward
electric field will be established to oppose the Pedersen current. This electric field,
in turn , will generate eastward Hall currents, which maximize at mid latitud es. At
the terminators, where the conductivity has its largest longitudinal gradient, the
Hall current will be interrupted and polarization charges will build up , generating
a dusk-dawn electric field. These ionospheric disturbance dynamo electric fields
generally reach the lower latitudes with a time delay of a few hours (~ 2-4 hour)
and can last even after the quieting of the storm. The dusk-dawn electric field will
drive vertical plasma motion , whereas the meridional field will drive zonal plasma
motion.

Figure 2.9 shows a model result of the electrostatic potential map for the

disturbance dynamo electric fields over the northern hemisphere. Results are shown
for an increase in the hemispheric power input of about 1.2 x 1011 VI over a period
of 9 hours . The potential maximizes at dusk at the lower latitudes and minimizes
at dawn near the upper mid latitudes. Consequently, a westward component of the
electric field (downward/ equatorward drift) appears during the day and an eastward component (upward/poleward drift) at night. The meridional component of
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Figure 2.9. Electrostatic potential map for the northern hemisphere. Results are
shown for an increase of the hemispheric power input of about 1.2 x 1011 Vvover a
time period of 9 hours (after Blanc and Richmond , 1980).

the electric field is generally equatorward (westward drift), except at low latitudes
where during daytime a small poleward component (eastward drift) will develop.

It is important to notice that the storm-time winds in the Blanc-Richmond
model build up steadily at upper mid latitudes and do not reach the equator with
significant magnitudes.

Therefore , in this model, time delay between the auroral

heating and the observation of perturbation

electric fields (plasma drifts) corre-

sponds to the growth rate of mid-latitude storm-time winds.
Fejer et al. [1983] presented the initial direct evidence of equatorial distur-

bance dynamo electric fields. Mazaudier and Venkateswaran [1990] and Mazaudier
et al.

[1987] have used the disturbance dynamo model to analyze case studies
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of Saint Santin incoherent scatter radar observations during disturbed periods and
found general agreement, but this study neglected the magnetospheric dynamo component to the observed perturbations.

Despite these studies, the electric field pre-

dictions of the disturbance dynamo model have yet not been quantitatively verified.
We will present in Chapters 5 and 6 the first comprehensive comparison of the
Blanc-Richmond model with observations . We will show that in addition to the
Blanc-Richmond mechanism , other processes are also important to generate electric
field perturbations.
A variant of the disturbance dynamo process is the Fossil Wind mechanism
[e.g.; Spiro et al., 1988; Fejer et al., 1990a]. High-latitude plasma convection will
set neutral winds into motion by momentum exchange with the rapidly drifting ions
with the neutrals. As a result , a neutral circulation will develop , which tends to have
a similar characteristics as the ion circulation. During enhanced magnetic activity ,
the auroral oval and the high-latitudinal convection pattern expand equatorwards ,
accelerating the neutrals through ion drag down to upper mid latitudes . With
decreasing magnetic activity the convection pattern moves poleward , leaving the
wind system behind. This remaining wind system is called the "fossil wind. " The
importance of the fossil wind to the global electrodynamics lies in its dynamo action.
With decreasing magnetic activity , the ionospheric footpoint of the ring-current
inner edge moves poleward, exposing the lower latitude ionosphere to the dynamo
electric fields of the fossil wind. Spiro et al. [1988], Forbes and Harel [1989], and

Fejer et al. [1990a] have modeled the fossil wind effect and used this mechanism to
explain long-lived electric field disturbances observed at the equator. In Chapters 4
and 5 these processes will be examined.
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CHAPTER 3
EMPIRICAL STUDIES OF IONOSPHERIC

QUIET-TIME

PLASMA DRIFTS
The equatorial- to mid-latitude ionospheric plasma drifts have been extensively
studied using ground-based incoherent scatter radar data from Jicamarca [e.g., Fejer

et al., 1989, 1991], Arecibo [e.g., Ganguly et al., 1987; Fejer, 1993], Saint Santin
[Blanc and Amayenc, 1979], Millstone Hill [e.g., Wand and Evans , 1981; Buonsanto
et al., 1993], and the MU radar in Shikaraki, Japan [e.g., Oliver et al., 1988; Fukao
et al., 1991]. Additional data describing the low- to mid-latitude drifts have become
available through in situ observations obtained by the Atmospheric Explorer [Fejer

et al., 1995], the Dynamics Explorer 2 [ Coley and Heelis, 1989; Heelis and Coley,
1992 ], and the San Marco [Maynard et al., 1995] satellites.
In this chapter we will use plasma drift observations made by the Jicamarca,
the Arecibo, and the Millstone Hill incoherent scatter radars, and by the ion drift
meter on board of the Dynamics Explorer 2 (DE-2) satellite. The main objective
will be on the development of average quiet-time drift models, which will be used
in Chapters 4 and 5 to remove the average quiet-time pattern from the drift observatio ns to study geomagnetic activity affects. It is essential for the study of plasma
drifts during magnetically disturbed conditions (see Chapters 4 and 5) to have well
defined quiet-time patterns for the drifts and to understand their limitations . Although quiet-time plasma drift models have been developed by several authors for
the data sets under consideration [ Fejer et al., 1991; Heelis and Coley, 1992; Buon-

santo et al., 1993; Fejer, 1993 ], these studies have used the 3-hour Kp index for
the determination of geomagnetic quiet-time conditions. Generally , these studies
defined quiet conditions when the local Kp index was smaller than about 2 to 3,
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and only the study of Buonsanto et al. [1993] took the previous Kp index into consideration. Preliminary results from our geomagnetic activity study (see Chapters
4 and 5) indicate that the ionospheric plasma drifts are affected not only by the
local geomagnetic activity but also by the storm history over the past several hours.
We will, therefore, define geomagnetic quiet conditions more rigorously as extented
quiet and will typically require the previous 12 hours before the drift observation
to be undisturbed.

The choice of 12 hours of quiet conditions is somewhat arbi-

trary, but allows for a sufficient number of data points for the determination of our
average quiet-time patterns . A more extended quiet-time criterion will not change
the results drastically , but results in poorer statistics for some of our averages. For
the Jicamarca vertical drift data, which is our largest data set, we were able to
require effectively 30 hours of geomagnetic quiet conditions for the determination
of the average patterns. In this study, instead of the 3-hour Kp index , we will use
standard auroral electrojet indices , with a time resolution of 1 hour as our disturbance parameter. This index is available for the time period until June 1988, with
the exception of the years 1976 and 1977. For March 1989 and the year 1990, a
preliminary AE index , based on 11 stations instead of the standard 12 stations, is
also available. The quiet-time patterns presented in this chapter will only be slightly
different to the average drift patterns currently available (with the exception of the
Jicamarca vertical drift pattern), but are more suitable for our study of magnetic
activity affects , which we will present in Chapters 4 and 5.

3.1

Equatorial Plasma Drifts
over Jicamarca
Incoherent scatter radar observations at the Jicamarca Radio Observatory

have provided a major source for information about the geomagnetic quiet-time
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equatorial F-region electrodynamics. At the dip equator, vertical/zonal motion of
the F-region plasma is driven by a zonal/vertical electric field, through the E x B
force. As mentioned earlier, the Jicamarca incoherent scatter radar measurements
typically provide accurate F-region plasma drifts between about 200 and 600 km
altitude.

The values presented in this work typically represent averages between

about 300 and 400 km altitude where the signal-to-noise ratio is highest.
The initial seasonal and solar cycle variations of the average F-region vertical
plasma drifts over Jicamarca were obtained by Fejer et al. [1979] using measurements from 1968-1971 and 1974-1977. The average vertical plasma drifts during the
high solar-flux periods of 1968-1970 and 1978-1981 were compared by Fejer et al.
[1989]. Their study showed that the effects of solar activity are season dependent.
More recently, Fejer et al. [1991] have used Jicamarca observations from 1968-1988
to study the seasonal and solar cycle dependence of the Jicamarca F-region vertical drifts during geomagnetically quiet conditions. They obtained seasonal vertical
drift averages for low, medium , and high solar-flux conditions and reported large
variations of these drifts with solar cycle, especially during nighttime. For the prereversal vertical peak velocity as well as for the eastward peak velocity , the y derived
analytical expressions.
The average zonal plasma drifts over Jicamarca during solar minimum and
solar maximum conditions have been studied by Fejer et al. [1981, 1985], using
measurements between 1970-1977 and 1970-1981. In these studies the seasonal
variation of the zonal plasma drifts could not accurately be determined. In a more
recent study [Fejer et al., 1991], Jicamarca drift observations between 1970 and 1988
have been used to determine the average seasonal variation of the zonal drifts during
periods of low and high solar-flux conditions. This study showed that seasonal effects
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on the zonal drifts are most pronounced in the midnight-morning sector when the
zonal drifts increase with solar flux for all seasons, whereas during daytime the zonal
drifts are essentially independent of season and solar cycle.
In this chapter a detailed study of the solar cycle and seasonal dependence
of the equatorial F-region electrodynamics is presented.

Magnetic activity effects

will be discussed in Chapter 4. Incoherent scatter radar measurements from the
Jicamarca Radio Observatory are used to develop a bi-monthly , solar-flux dependent
quiet-time model for the vertical plasma drifts and a lower time--resolution model
for the zonal plasma drifts. The zonal model will only slightly extend the work of

Fejer et al. [1991].
3.1.1

Equatorial Vertical Plasma Drifts
In the following sections the dependence of the vertical plasma drifts over

Jicamarca on the solar cycle and season are discussed and a bi-monthl y, solarflux dependent model for their representation is presented . The focus will be on
the average, or climatological patterns of the vertical drift. Quiet-time variability,
which is superposed on these patterns, will also be briefly discussed.
The average quiet-time (Kp :::;3.0) F-region vertical plasma drifts for winter
(May through August), summer (November through February) , spring (September ,
October), and fall (March , April) are presented in Figure 3.1. The drift measurements were sorted into three overlapping solar-flux intervals from 60-140, 90-160,
and 150-300 (in solar-flux units of 10- 22 wm-

2

H z- 1 ), to represent low, medium, and

high solar-flux conditions. In each bin, the data were averaged in half-hour steps
and smoothed by a three-point running average. The smoothing was not performed
around the pre-reversal enhancement (from SLT 16.00-22.00) in order to preserve
the peak values. The average fluxes for the solstice periods were about 100, 130,
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and 180 solar-flux units, whereas for the equinox periods the average fluxes were
about 95, 120, and 200 units. The standard deviation of these averages is of the
order of 10 m/s and mostly due to real geophysical variations. A closer discussion
of these variations (quiet-time variability) will be given in a later section.
The average drift velocities show a strong diurnal variation with upward velocities during the day and downward velocities during the night. The earliest moring
reversal times occur during the solstices at around 0600 local time and about one
hour later during the equinoxes. The earliest evening reversal times occur during
local winter conditions at about 1900 local time and about 1.5 hours later during
local summer. With increasing solar flux, the evening reversal time also typically
shifts toward later times, which is most pronounced during the March-April period.
The dayside upward drifts maximize around 1100 local time and have magnitudes
between about 10-20 m/s. The largest dayside drifts are found around March-April
(fall) and the lowest values around local summer. During nighttime the downward
drift velocities have typical magnitudes between about 15-40 m/s with the largest
values during equinox (spring and fall) high solar-flux conditions and the lowest
values during local winter low solar-flux conditions. The pre-reversal enhancement
of the upward vertical drift velocities , which occurs right before the drift velocity
turns to its downward direction, is most pronounced during equinox conditions and
reaches values of up to 50 m /s during periods of high solar flux. During winter the
pre-reversal enhancement has its smallest magnitude and can be even absent during
winter low solar-flux conditions , in agreement with Fejer et al. [1991].
3.1.1.1

Solar Cycle Dependence

As discussed in Chapter 2, the ionospheric electric fields depend strongly on
the ionospheric conductivities and on the strength of the thermospheric neutral
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than the average medium solar flux, and the value of (dv(t)/dSa)h is taken when Sa
is greater than the average medium solar flux.
The obtained slope values dv / dSa for low and high solar-flux conditions are
shown in Figure 3.2 versus solar local time for the four seasons defined earlier. Strong
diurnal and seasonal variations in the rate of change of the vertical drift velocities
with solar flux are observed in agreement with Fejer et al. [1991]. The obtained
slope values were also compared with results from a bi-mothly solar cycle study
and found to be in good agreement.

Observed differences could in almost every

case be traced back to insufficient statistical reliability of the bi-monthly averages.
The daytime vertical drifts do not respond much to changes in solar flux, but the
evening upward and the nighttime downward drift velocities considerably increase
from low to high solar-flux conditions.

Typical rates of change are of the order

of 10-20 m/s per 100 solar-flux units during nighttime and 20-40 m/s during the
evening hours. With the exception of the March-April period, this dependency is
more pronounced during low solar-flux conditions, indicating a saturation of the
drift velocities for periods of high solar flux. The strong increase of the vertical drift
velocities in the evening sector, at the time of the pre-reversal enhancement , with
solar activity has been explained as due to an increase in the equatorial zonal wind
and in the ratio between the magnetic field averaged Pedersen conductivities in the
F- and E-regions. In addition , increases in the E-region conductivity gradient near
dusk from solar minimum to solar maximum can also be partially responsible for
the increase of the evening drift velocities with solar flux [Goel et al., 1990].
3.1.1.2

Quiet-Time Model

Our quiet-time vertical drift model is based on Jicamarca ISR measurements
taken in the period from 1968 to June 1988. More recent measurements could not
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be taken into account because we intend to define our quiet-time criterion in terms
of the standard auroral electrojet (AE) indices , which are not available for more
recent years. Only drift measurements during extended quiet periods were taken
into the average procedure . Here, we defined extended quiet conditions when the
average auroral electrojet indices over periods of 1-6, 7-12, and 22-28 hours before
the measurement were below a value of 300 nT. The reason for this definition of
quiet times will be explained in Chapter 5 and is effectively a 30-hour quiet-time
period. Instead of a solar cycle dependent binning of the data , we have adjusted
each individual vertical drift observation to a common flux of 125 units by using our
previous solar cycle results . This provides more reliable statistics for each bin. The
data were sorted into 24 sliding 2-month bins separated by half a month. In each
bin the data were sorted into 30-minute local time intervals and the average as well
as the standard deviation was calculated. The resulting averages were smoothed by
a three-point running average in local time except during times of fast changes in
the drift velocities (i.e., 04-08 SLT and 16-22 SLT). During periods when we did
not have reliable statistics, a linear interpolation between statistically reliable drift
averages was used .
Based on these average drift profiles, the bi-monthly drift patterns for different
solar fluxes can now in turn be calculated , again using the slope values from our
solar cycle study. The results of this study are shown in Figure 3.3 and 3.4 for low
(70 units), medium (125 units), and high (200 units) solar-flux conditions. Although
the bi-monthly drift patterns closely resemble the seasonal averaged drift profiles
shown in Figure 3.1, there are interesting features that are worthwhile to note.
For example, the March-April (fall) and September-October (spring) averages are
in good agreement for high solar-flux conditions, but during periods of low solar
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flux, the daytime and nighttime averages have larger amplitudes in the fall than
in the spring. In winter, the evening reversal time increases from about 1845 LT
in May to about 1930 LT in August. For low solar-flux conditions, the December
to February averages show small postsunrise enhancements , which are not seen in
November. This postsunrise enhancement of the vertical drift is most pronounced
in the first half of the winter period (May-June).

The pre-reversal enhancement

velocities change drastically from fall to winter conditions but change smoothly
from winter to spring conditions.
A word of caution should be added when using this empirical quiet-time model.
Since most of our data represent the solar-flux interval from about 75 to 200 units ,
our model results should be most accurate in this flux interval. Outside this range
the model should only be used with caution, particularly during solstice conditions.
3.1.1.3

Quiet Time Variability

In the last section , the seasonal and solar cycle variations of the average
Jicamarca vertical plasma drifts were examined and an empirical climatological
quiet-time model was presented. However, the plasma drifts exhibit a large degree
of quasi-periodic fluctuations with periods of several minutes to about 1 hour , and
day-to-day variability, even during geomagnetically quiet conditions.
Figure 3.5 illustrates these perturbations of the vertical plasma drifts during
a geomagnetically quiet period from June 12-13, 1988. Although this period can
be characterized as extremely quiet, as illustrated by the auroral electrojet indices,
large departures from the average quiet-time pattern are observed. During daytime
the most pronounced feature is a strong depression of the generally upward drift
velocities. In the afternoon sector of June 13, these perturbations are strong enough
to reverse the drift motion to the downward direction. Superposed on these long-
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term disturbances are small quasi-periodic fluctuations with amplitudes of 1-2 m/s.
Long-term disturbances are not observed during night time , but the short-term fluctuations are even more pronounced t han during the day. These perturba t ions cannot
be attributed to the small geomagnetic disturbance observed between 2000 and 2200
local time on June 12, which was too weak and too brief to produce the observed
drift perturbations . In addition , the drift perturbations were already present in the
afternoon sector on June 12, even before the enhancements in the auroral electrojet
occurred. During other quiet-time periods (not shown here) , the daytime upward
drift velocities are observed to be enhanced , compared to the average drift pattern .
Long-term quiet-time perturbations have also been observed during nighttime.
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It has been suggested that the lower atmosphere can affect the ionospheric elec-

trodynamics through upward propagating waves, and dynamically induced changes
in the composition and therefore in the ionospheric conductivities , particularly in the
ionospheric E-region. The short-term quasi-periodic variations are believed to result
from the electrodynamic effects of atmospheric gravity waves [e.g., Balachandran et

al., 1992; Sastri et al., 1995 ], whereas the long-term quiet-time perturbations are
most probably associated with changes in the tidal forcing of the global winds, the
effects of planetary waves and irregular winds in the dynamo region , and changes
in the dynamic conditions at the base of the thermosphere [e.g., Richmond , 1994;

Fejer, 1997].
The magnitude of these variabilities can be estimated from Figure 3.6. Shown
is a scatter plot of all equinoctial Jicamarca vertical drift observations during geomagnetically quiet conditions (AE :S 250 nT) . To minimize the effects of different
solar fluxes on the vertical drifts, the observations have been adjusted to a common
solar flux of 130 units. Here we have used the results from our solar cycle stud y
illustrated in Figure 3.2. All data points follow a well defined daily pattern , but
deviations of approximately

± 10 m/s from the average values are observed. This

scatter can be partly attributed to the combination of all equinoctial data, but
mostly result from the short- and long-term quiet-time variability. A more detailed
analysis of these quiet-time variability has shown that the Jicamarca F-region vertical drifts show a significantly higher daytime variability during solar minimum than
during solar maximum conditions [Fejer, 1997]. The understanding and modeling
of this quiet-time variability will be one of the major challenges in future studies
of ionospheric electrodynamics. It will be of particular interest to understand the
spatial extent of these perturbations as well as the time scales of the different pro-
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The

cesses involved. These studies will require simultaneous long-term observations of
the plasma drifts and the E- and F-region neutral dynamics at different locations.
These measurements are currently not available.
3.1.2 Equatorial Zonal Plasma Drifts
As mentioned before, our study of the Jicamarca zonal plasma drifts will only
slightly extend the work of Fejer et al. [1991]. In their study, the seasonally averaged
zonal drifts for low and high solar fluxes were presented and the dependence of
the nighttime eastward peak velocity on the Fl0.7 cm solar flux was analytically
derived. Here we will slightly extend their work using a larger data set and present
a more detailed solar cycle analysis for winter and equinox conditions . In addition:
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we will apply restrictions on the geomagnetic activity. This study will be much
less detailed than our analysis of the vertical drifts, mostly due to the significantly
smaller data set of zonal drift measurements but also to the considerably larger
error of the zonal drift measurements compared to the vertical drift observations.
In particular, we will only study the seasonal dependence of the zonal drifts and
combine both equinoxes (spring and fall) into one season. In addition , we will only
restrict our data to a 12-hour period of geomagnetically quiet conditions.

Here,

several points have to be kept in mind. First , with our limited data set we were not
able to determine the storm-time dependence of the zonal drift component in detail
(see Chapter 5). Second, a restriction of the data set on 30 hours of geomagnetic
quiet conditions would probably change our averages only slightly but would result
in much weaker statistics.

And third , it is likely that the zonal and vertical drift

components have different storm-time dependencies [Blanc and Richmond , 1980].
Here , we will use the Kp index , instead of auroral electrojet indices , to characterize
geomagnetic quiet conditions. The use of auroral electrojet indices would have been
preferable , but would have excluded 25 days of drift observations from our analysis
(more than 12% of our data set) , since AE indices are not available for the time
period between 1976 and 1977.
Our data set consists of 206 days covering the period from 1970 to 1992.
Measurements during 1979 and 1982-1983 were not available. The average seasonal
zonal plasma drifts for different solar-flux conditions are shown in Figure 3. 7. For
equinox (March-April , September-October) and for winter (June solstice), the data
were binned into low, medium , and high solar-flux intervals with average solar-flux
values of 80 (82), 122 (134), and 218 (194) for equinox (winter) low, medium , and
high solar-flux conditions, respectively . For summer (December solstice), the data
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were sorted into only two solar-flux intervals representing low and high solar-flux
conditions with average values of 84 and 164 solar-flux units. Between about 0400
and 0600 local time during summer low solar-flux conditions only few zonal drift
observations have been made and our averages during this time might not represent
the typical pattern.

In addition, the large equinoctial drift velocities during high

solar-flux conditions between about 20 and 22 local time are obtained from only a
few days of drift observations and might also not be typical.
During all seasons the zonal drifts are eastward at night and westward during
the day. Typical maximum nighttime drift velocities are between about 100 and
150 m/s with larger values during solar maximum periods compared to times of
low solar flux and occur between about 1900 and 2200 local time. The solar cycle
dependence is strongest in equinox and weakest in winter. During daytime the drifts
are independent of the solar flux and have smaller westward velocities with peak
values of about 50 m/s . The evening reversal times occur around 1600 to 1700 local
time. In the morning sector the drifts reverse between about 0530 and 0730 local
time with the earliest reversal times during summer and the latest during winter.
The standard deviations of the zonal drift patterns are between about 20 to 40 m/s
with typically smaller values during the day than at night .

3.2

Low-Latitude Plasma Drifts
over Arecibo
Incoherent scatter radar observations from the Arecibo Observatory (18°N,

-66.8°E; magnetic latitude , 29.3°N) have been used to study the low-latitude ionospheric electrodynamics [e.g., Behnke and Harper, 1973; Behnke and Hagfors, 1974;

Rishbeth et al., 1978; Burnside et al., 1983, 1991; Ganguly et al., 1987; Berkey et
al., 1990; Fejer, 1993]. At Arecibo, an upward/poleward (eastward) plasma drift of
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27 m/s corresponds to an eastward (southward/equatorward)

electric field of about

1 m V /m. The typical error of the drift measurements at Arecibo is about 10 m/s.
The measurement techniques used at Arecibo are discussed in Chapter 2 and also
in Fejer [1993].

Fejer [1993] determined the characteristics of the Arecibo F-region plasma
drifts and presented empirical quiet-time (Kp ::; 3.0) models for the average drift
patterns during low and high solar-flux conditions. They reported large day-to-day
variability in the drift observations even during magnetically quiet periods. Their
study showed that the average perpendicular/northward

plasma drifts do not change

significantly with season and solar cycle except in the postmidnight sector , whereas
the zonal drifts show a clear solar cycle and seasonal dependence.
We have determined the average extended quiet-time plasma drift patterns
over Arecibo using 169 days of drift observations from 1981 through 1990 for the
zonal drift component and 120 days of observations from 1981 through 1986 for the
perpendicular/northward

drift component. Since this is the same data set used by

Fejer [1993], our results will only be slightly different from this earlier study , which
defined quiet-time conditions based on the 3-hour Kp index . A description of the
data , as well as comparisons with other drift observations , is given in Fejer [1993].
We have used standard auroral electrojet indices for measurements until June 1988
and preliminary 11 station indices for the later observations for the determination of
extended quiet conditions, which we have, in this case, defined as the average auroral
electrojet index over the previous 12 hours below a value of 300 nT. As before,
the resu lts of th is analysis will be used in our magnetic activity st udy in Chapter
5. Here, we will focus on the average seasonal drift patterns for low and high
solar-flux conditions. The drift patterns were obtained by averaging the velocity

56
measurements in hourly bins and then smoothed by a three-point running average.
3.2.1

Perpendicular /No rthward Drifts
Figure 3.8 shows the average perpendicular/northward

drifts over Arecibo for

low and high solar-flux conditions during summer (June solstice), winter (December
solstice), and equinox (March-April, September-October).

In the lower flux range ,

the average values of the solar flux are about 85 for all seasons, whereas in the
high flux ranges they are about 160, 175, and 185 for summer, winter, and equinox,
respectively. The average AE index for the quiet-time drift patterns is about 130
nT. Figure 3.8 shows generally upward/poleward drifts from about sunrise to early
afternoon, with typical maximum values of about 20 m/s. The late afternoon to
midnight drifts are typically downward/equatorward

and have smaller magnitude

(less than about 10 m/s). The morning reversal time occurs earliest in summer at
about 0530 local time. In the afternoon , the drifts reverse earliest during winter
conditions at about 1400 local time.

As pointed out by Fejer [1993], the drift

measurements show significant quiet-time variability and the standard deviation of
the average drift patterns is between about 15 to 30 m/s with largest values in the
midnight/dawn sector. The obtained average drift patterns are most reliable during
solar minimum conditions where most of our data were taken. During summer and
equinox solar maximum conditions, the average drift patterns are less reliable. Due
to the poor statistics of the solar maximum data and also their large variability, we
do not claim a dependence of this drift component on solar activity, except perhaps
in the midnight/dawn

period when the northward drifts are largest during solar

maximum summer conditions and solar minimum winter conditions.
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3.2.2

Perpendicular/Eastward

Drifts

The average seasonal quiet-time zonal drift patterns for low and high solarflux conditions are presented in Figure 3.9. The average solar-flux values for the
low flux interval are about 85 for all seasons and in the high flux interval they are
155 for summer and 170 during winter and equinox. The standard deviation is
between about 20 and 40 m/s with largest values at nighttime and during low solar
activity. From about midnight to early afternoon, the zonal drifts are westward and
eastward from afternoon until midnight. The premidnight eastward drifts maximize
at about 2100-2200 local time with magnitudes between about 20 to 55 m/ s with
largest values during summer and smallest values during winter. The postmidnight
westward drifts maximize at around 0600 local time with values between about 20
and 60 m/s from summer to winter. The afternoon reversal time occurs earliest
in summer at about 1330 local time and roughly 3.5 hours later during winter.
The morning reversal times occur at about 0200 local time for all seasons. During
nighttime , and particularly in the premidnight sector , the eastward drifts increase
with solar activity at a rate of about 15 m/s per 100 solar-flux units. During daytime
the westward drifts are not affected by solar activity.

3.3

Mid-Latitude Plasma Drifts
over Millstone Hill
Ionospheric plasma drifts at mid latitudes have been extensively studied us-

ing the Millstone Hill incoherent scatter radar (42.6°N, 288.5°E, magnetic latitude
57°N) [e.g., Wand and Evans, 1981; Buonsanto et al., 1993]. At Millstone Hill, an
upward/poleward

(eastward) plasma drift of 22 m/s corresponds to an eastward

(southward/equatorward)

electric field of about 1 m V /m. The measurement tech-

niques used at Millstone Hill are briefly discussed in Buonsanto et al. [1993] and
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in Chapter 2. Buonsanto et al. [1993] have used 73 days of observations from 1984
through 1992 to determine the average quiet-time drift patterns over Millstone Hill
for solar minimum and maximum conditions for summer, winter , and equinox seasons. These drift measurements correspond to an altitude of 300 km over Millstone
Hill (local observations) and have a time resolution of about 1 hour. The quiet-time
patterns were determined by including all data with the current 3-hour Kp index
lower than 3- and with the previous 3-hour Kp index lower than 3+. Buonsanto
et al. [1993] reported that the perpendicular/northward

component of the plasma

drift reverses from the northward to the southward direction near local noon , and
returns to the northward direction in the evening. The zonal plasma drifts are eastward during the day and westward at night in equinox and winter month , whereas
in summer, they are largely westward at almost all local times. These drift patterns
were found in good agreement with earlier observations at Millstone Hill [ Wand and
Evans , 1981].

We will use the data set of Buonsanto et al. [1993] to construct average plasma
drift patterns during extended geomagnetic quiet conditions, in the same way as
done for the Arecibo drifts . Again , we will use auroral electrojet indices to define
extended quiet conditions and construct hourly averaged seasonal drift patterns for
low and high solar-flux conditions. Our results do not differ significantly from the
quiet-time patterns presented by Buonsanto et al. [1993], but will provide a better
baseline for the determination of magnetic activity effects.
3.3.1

Perpendicular/Northward

Drifts

Figure 3.10 shows the average seasonal extended quiet-time drift patterns for
the perpendicular/northward

component over Millstone Hill for low and high solar-

flux conditions. The average solar-flux values are about 80 for the low solar-flux
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intervals and for the high flux intervals 150, 190, and 185 for summer, winter, and
equinox, respectively. The drifts are northward from around midnight to noon and
southward at the later times, with a return to the northward direction in the late
afternoon. The northward morning drifts reach maximum values between about 20
to 30 m/s and the afternoon southward drifts maximum values of about 10 m/s.
During summer the afternoon southward motion of the plasma is not seen and the
drifts have small northward velocities. As reported by Buonsanto et al. [1993], the
plasma drifts exhibit large day-to-day variability and the standard deviation of our
average drift patterns is between about 20 to 40 m/ s. In addition , our high flux
averages have significantly poorer statistics than the low flux averages , particularly
in summer. Therefore, we have combined both solar-flux intervals and the average
seasonal drift patterns are also shown in Figure 3.10. These patterns correspond
to an average solar flux of 92, 120, and 124 for summer , winter , and equmox ,
respectively .
3.3.2

Perpendicular/Eastward

Drifts

The seasonally averaged eastward drift patterns for extended quiet conditions
are shown in Figure 3.11. The data are again shown for low and high solar-flux
conditions with the same average solar-flux values given for the northward component. The zonal drifts over Millstone Hill are westward at night with maximum
values of about 50 m/s in winter and 30 m/s in summer. During daytime , and particularly around noon, the zonal drifts have small eastward amplitudes with largest
magnitudes during equinox of up to 20 m/s. During summer, low solar-flux conditions, the zonal drifts are always westward. The standard deviation is between
about 25 and 50 m/s, indicating large quiet-time variability. We have to emphasize
again, that our statistics are poorest during solar maximum conditions and the av-

63

50

MILLSTONE HILL 1984-90
AE(1-12) ~ 300 nT
Summer

--CJ)

-+-+
l:r----6

Sa ~ 120
Sa ~ 12 0
all data

50

E

CJ)

r.....

0

Winter
0

"O

r.....

-~
CJ)

ctS
UJ

50
Equinox
0

-50
02

06

10
14
Local Time

18

22

Figure 3.11. Same as Figure 3.10, but for the perpendicular /eastwa rd drift component.

64
erage patterns particularly for high solar-flux June solstice and equinox conditions
might not well represent the zonal drift observations during this time. The observed
differences in the low and high solar-flux patterns with typically larger drift amplitudes during solar maximum than during solar minimum conditions are also seen by

Buonsanto et al. [1993]. However, a quantitative analysis of these differences would
require a much larger data set , particularly during solar maximum conditions , than
is currently available to us.
Following our analysis of the perpendicular/northward

drift component , we

have combined all zonal drift data to develop solar cycle averaged seasonal quiettime patterns for the zonal drift component , which are also shown in Figure 3.11.
Here again, the average fluxes are the same as for the northward component .
3.4

Low- to Mid-Latitude
Drifts from DE-2

Zonal Plasma

As mentioned earlier , the zonal plasma drift measurements obtained by the
ion drift meter (IDM) on board the Dynamics Explorer 2 (DE-2) satellite have also
been used to study the quiet-time plasma drifts at equatorial [Coley and Heelis,
1989] and low to mid latitudes [Heelis and Coley, 1992]. In the later study , the local
time distribution of the average zonal drifts under geomagnetically quiet conditions
(Kp::;2) at different latitudes has been constructed (see Figure 2.6). In their analysis local time and season were locked together, and longitudinally and seasonally
averaged profiles were shown for 65°, 55°, 45°, 35°, and 25° invariant latitude.
Here, we use 16-second averaged zonal drift measurements obtained by the
IDM on board the DE-2 spacecraft to construct longitudinally averaged quiet-time
latitudinal patterns for the zonal plasma drifts from low to mid latitudes.

The

instrument is briefly described in Chapter 2 and in detail by Heelis et al. [1981].
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We will use the revised version of the IDM data (June 1994), which includes a
correction to the spacecraft potential. The 16-second time resolution of the data
approximately corresponds to a one-degree latitudinal resolution. The precision of
the zonal drift observations is about 10 m/s [Heelis and Coley, 1992]. We have
used data from low to mid latitudes from both hemispheres , all longitudes , and
all seasons throughout the lifetime of the satellite.

This covers the period from

August 1981 through February 1983. The average solar flux during this period
was 190 but individual daily values reached up to more than 270 units . Due to
the 90° inclination of the satellite's orbit , the ascending node (the location of the
northbound equatorial crossing) traverses all local times during one year. Therefore ,
local time and season are not independent of each other, and their relationship is
determined by the launch date and time . For DE-2, the summer and winter months
are represented around the midnight to dawn and noon to dusk local time sectors
and the equinoxes around the prenoon and premidnight sectors.
Although the IDM measured the zonal drifts in the geographically east-west
direction, the velocities are dominated by the geomagnetic east-west

E x B motion

of the plasma [Heelis and Coley, 1992]. During its lifetime , the satellite was in an
eccentric orbit with a perigee of 309 km and an apogee of 1012 km at the beginning
of the mission. Thus , DE-2 sampled the ionosphere during one orbit at different
altitudes.

For our analysis , we only selected data when the satellite was in the

altitudinal range from 280 to 800 km. This selection criterion was employed to
excluded He+ dominated drift measurements from our analysis. During daytime
the plasma drifts typically do not vary much with altitude , but during nighttime
significant altitudinal variations can be observed , particularly at the lower latitudes
[e.g., Coley and Heelis, 1989]. To account for these altitudinal variations, all zonal
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drift observations have been mapped along the magnetic field lines to a common
reference height of 300 km. Here, the assumption of equipotential magnetic field
lines and of a dipole magnetic field was employed. The mapping function is, for
example, derived by Jacobson et al. [1996] and the eastward plasma drift velocity
at 300 km altitude can be obtained by:

Vioo = Vobs·[(Re+ 300)/(Re

+ hobs)]l.5

(3.1)

where Vobsis the zonal drift velocity at the height of the observation hobs and Re
is the Earth 's radius (Re= 6378 km). A reference height of 300 km was chosen for
several reasons. First, the incoherent scatter radar results roughly correspond to a
height of 300 km. Second, observations obtained on field lines with an apex altitude
below our reference height cannot be included in our analysis , simply because they
cannot be mapped along the filed lines to the reference height. This reduces our
data set at low latitudes.
We further restricted our data set to drift observations when the ion concentration exceeded 2-104 cm-

3

as measured by the retarding potential analyser (RPA) on

board of DE-2, which was not always possible, due to a a failure in the instrumental
memory system from November 13, 1981 until February 26, 1982.
A coordinate parameter , which has been widely used for studies of ionospheric
electrodynamics, is invariant latitude 'I/; [e.g., Fejer et al., 1990a; Heelis and Coley,
1992]. This parameter is based on the BL coordinate system, where B is the magnetic field strength and L is a magnetic shell parameter, defined by the surface
traced out by the guiding center of a trapped particle drifting in longitude about
the Earth and oscillating between the mirror points [Mellwan, 1961]. For a di pole
field line, L is equivalent to the shell's equatorial radius through L=R / RE, where
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the field lines intersect the geomagnetic equatorial plane at a distance R from the
Earth's center and RE being the radius of the Earth.

Invariant latitude is then

defined as:
(3.2)
The actual value of 'I/;for a given geographic location can be obtained from the
International Geomagnetic Reference Field (IGRF) [Bilitza, 1992]. Magnetic field
lines crossing the magnetic equator at 300 km altitude roughly correspond to an
invariant latitude of 10°, whereas field lines crossing the equator at 800 km correspond to about 20° invariant latitude (the exact values are longitudinal dependent).
Therefore, due to the orbital characteristics of DE-2 , our statistics drop drastically
below about 20° invariant latitude and only a few data points are found below 10°
invariant latitude. Since 'I/;varies along most field lines by less than 1% [ Tascione,
1988], this parameter allows for an easy combination of drift measurements from
the northern and the southern hemisphere, assuming equipotential field lines. We
will show later that the conjugacy of the drift data is not always satisfied in our
data set.
For our average quiet-time patterns , we include all data obtained during extended geomagnetic quiet conditions. Here again , we define extended quiet when
the average over the past 12 hours of auroral electrojet indices was below 300 nT .
The average latitudinal quiet-time patterns were obtained by sorting the yearly
data into seasonal bins. For this analysis, fall and spring data were combined into
one equinoctial season. The velocity measurements from all longitudes were then averaged in hourly bins (corresponding to a block of 15 days) with a latitudinal width
of 5°. Finally, a three-point running average was performed to smooth the profiles.
The splitting of the data set into individual years was performed to account for
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changes in the solar-flux index from one year to the other. The solar-flux index, for
example, changed from February 1982 to February 1983 from 209 to 120 units , respectively. Examples of the average latitudinal zonal drift profiles for 1982 from low
to mid latitudes, including their standard deviations, are shown in Figures 3.12 to
3.14 for June solstice (May-August) , December solstice (November-February) , and
equinox (March-April and September-October) , respectively. Measurements from
the magnetically northern and southern hemisphere are indicated by positive and
negative invariant latitudes , respectively. The profiles for June solstice are shown
for the postmidnight to dawn sector. For December solstice the data represent the
dawn and dusk sectors, and the equinox data correspond to prenoon and premidnight conditions. The DE-2 data set is not suitable for a detailed seasonal study of
the zonal drifts , mostly because of the earlier mentioned relationship between local
time and season but also because of the large solar-flux variability during the mission. Here, we will describe the most prominent features observed in the latitudinal
patterns of the zonal drifts . During nighttime the zonal drifts are eastward at low
latitudes and westward at mid latitudes . The drift reversal occurs around midnight
at roughly 40° to 45° and moves towards the lower latitudes at later times. Above
about 60° invariant latitude the zonal drifts reverse again to the eastward direction
but with smaller amplitudes . The nighttime zonal drifts have their largest magnitudes at low latitudes with values between about 100 and 150 m/s (the exact values
are strongly solar flux dependent, as will be shown later). During June solstice the
low-latitude drifts reverse to the westward direction at about 0500 to 0600 local time
and about 1 hour later during December solstice. During daytime the zonal drifts
are smaller and westward and approximately constant for latitudes up to about 55°
and eastward further poleward. In the late afternoon , at about 1700 to 1800 local
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Figure 3.12 . Average latitudinal zonal ion velocity patterns as measured by the
IDM during June solstice, 1982 for the postmidnight and morning sectors. The vertical bars represent the scatter in the drift data and not instrumental uncertainties.
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71

DE-2 EQUINOX 1982
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Figure 3.15. Average latitudinal zonal drift profiles for the 1981 and 1982 June
solstice postmidnight period. The 1981, 1982 drift observations represent high
(Sa=263) and medium (Sa=l50) solar-flux conditions, respectively.

time, the low-latitude drifts reverse from the westward to the eastward direction .
The standard deviation is between about 25 and 100 m/s with typically smaller
values at low latitudes and the largest values above about 55° invariant latitud e.
Notice that the profiles are to a large degree symmetric about the equator and the
small observed differences are most likely due to the declination of the geomagnetic
field.
As mentioned before, the solar flux exhibited large variations during the lifetime of DE-2. We could therefore study the latitudinal variation of the solar-flux
dependence of the zonal plasma drift component at some particular local times.
Here, we like to show this variation for the postmidnight period. Our radar study
has shown that the solar cycle dependence is largely restricted to the nighttime periods and most pronounced at the lower latitudes . Figure 3.15 shows the average
latitudinal zonal drift patterns for the 1981 and 1982 June solstice postmidnight
periods. The average solar flux during these two periods was 263 and 150 units,
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Figure 3.16. Average latitudinal zonal drift profile for the 1982 June solstice
afternoon period.

respectively. At low latitudes the zonal drift exhibits large variations with the phase
of the solar cycle and the drifts differ by more than 80 m/s during these two periods. Towards the mid latitudes , the solar-flux dependence decreases and at the
upper mid latitudes, from about 50° invariant latitude polewards, no distinct solar
cycle dependence is observed. This is to a large extend consitent with our radar
observations.
Finally, a word of caution should be added when using the DE-2 zonal drift
measurements. Although the satellite zonal drift observations are generally in good
agreement with radar observations, there are a few periods when the observations
show unexpected characteristics. One such period is the 1982 June solstice afternoon
period when the latitudinal profiles were highly asymmetric about the geomagnetic
equator. This is illustrated in Figure 3.16 on the average latitudinal pattern . The
reason for this asymmetry is currently unclear (most likely instrumental offsets)
and therefore, for this particular period , data from both hemispheres have not been
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combined. Although for this period the data may not represent the typical average
quiet-time zonal drift pattern, they are valuable when used in studies of relative drift
variations (e.g., drift - average drift pattern). In this case, instrumental offsets will
cancel each other and the residual drift variations are reliable. We will employ this
method in the next two chapters when we study drift variations due to geomagnetic
activity.
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CHAPTER4
STORM-TIME EQUATORIAL VERTICAL PLASMA DRIFTS
4.1

Introduction
In the last chapter, the average quiet-time patterns and quiet-time variabil-

ity of the Jicamarca F-region vertical plasma drifts were discussed. In this chapter, which comprises three research publications [Fejer and Scherliess, 1995; Scherliess and Fejer, 1997; Fejer and Scherliess, 1997],1 we examine equatorial vertical

plasma drifts during geomagnetically active periods based on observations from the
Jicamarca incoherent scatter radar.
Studies of ionospheric electrodynamics during geomagnetic active periods have
reported numerous examples of large and sudden electric and magnetic field perturbations with lifetimes of about 1 hour occurring nearly instantaneously from
auroral to equatorial latitudes [e.g., Fejer , 1986, 1991; Reddy, 1989], and also of perturbations with longer duration (about a few hours) and latitud e dependent time
delays following larg e enhancements in the high-latitude current systems [e.g., Fejer,
1986]. The prompt penetration of magnetospheric dynamo electric fields has been
attributed

to the development of the asymmetric ring current, under- and over-

shield ing, fossil winds, and magnetospheric reconfiguration [e.g., Kelley et al., 1979;
Senior and Blanc , 1984; Spiro et al., 1988; Fejer et al., 1990a; Denisenko and Zamay, 1992]. The ionospheric disturbance dynamo [Blan c and Richmond , 1980] is the
1

Large parts of this chapter are comprised of the original text from the three research publications, Fejer and Scherliess , Geophysical Research Letters, 22, 851-854, 1995; Fejer and Scherliess,
Journal of Geophysical Research, 102, 24,047-24,056, 1997; and Scherliess and Fejer , Journal of
Geophysical Research , 102, 24,037-24 ,046, 1997, interspersed with rewritten and additional text.
The original publications are copyrighted by the American Geophysical Union and used with permission. Sections 4.1 , 4.5, and 4.7 follow to a great extent Fejer and Scherliess [1997] and Scherliess
and Fejer [1997]. Sections 4.2 and 4.6 are largely based on Fejer and Scherliess [1997] and Section
4.3 comprises Fejer and Scherliess [1995]. Section 4.4 is based on Scherliess and Fejer [1997].
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Figure 4.1. Average F-region vertical plasma drifts (positive upward) for two
ranges of AE indices. These average drifts correspond to a solar flux index Sa =
130 units.

mechanism most likely responsible for the longer lived electrodynamic disturbances .
The response of equatorial electric fields and currents to geomagnetic disturbances has been examined in detail in a large number of case-by-case and statistica l
studies, but with conflicting results. On the one hand , average diurnal patterns of
equatorial F-region vertical drifts (driven by the zonal electric fields) during magnetically quiet and disturbed conditions are essentially identical , as illustrated in
Figure 4.1. On the other hand, there is extensive evidence for the occurrence of
large electric field and current perturbations associated with changes in the interplanetary magnetic field and in the high-latitude current system [e.g., Gon zales et
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al., 1979; Fejer, 1986, 1991; Fejer et al., 1990a; Sastri et al., 1992; Forbes et al.,
1995; Kikuchi et al., 1996], consistent with results from theoretical and numerical models [e.g., Senior and Blanc, 1984; Spiro et al., 1988]. This is illustrated in
Figure 4.2 (and also in Figure 2.7), where the effects of short- and long-lived electric field perturbations on the equatorial F-region vertical plasma drifts measured
with the Jicamarca incoherent scatter radar during and after a period of large highlatitude current enhancements are shown. It is of interest to note the occurrence
of large drift perturbations

between about 0500 and 1000 UT on August 10 when

the auroral electrojet indices were relatively small. Fejer et al. [1983] interpreted
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these delayed perturbations as due to ionospheric disturbance dynamo electric fields.
During strongly disturbed conditions, prompt penetration and disturbances dynamo
effects often occur simultaneously , as illustrated between about 0700 and 1000 UT
on August 9. This has been a major obstacle for the full validation of the electrodynamic results from global convection and disturbance dynamo models. In this
chapter, we will show that the basic reason for these conflicting results is the frequent simultaneous occurrence of competing disturbance processes. We will initially
describe a methodology for empirical studies of the storm-time dependence of the
ionospheric electric fields, and present the initial separation of drift perturbations
driven by the different high-latitude disturbance mechanisms. We have chosen the
standard auroral electrojet AE index as the high-latitude disturbance parameter.
As mentioned earlier , this index currently covers the data period until June 1988,
with the exception of the 1976-1977 period . As a result , our data set consists of
4926 hours of vertical drift measurements from 1968 until June 1988, which yielded
15,162 quarter-hourly averaged drifts.
Based on this data set, we will develop empirical storm-time dependent models
for the equatorial vertical plasma drift perturbations , which have the auroral electrojet indices as input parameters, and describe the complex storm-time dependent
plasma drifts resulting from direct penetration and disturbance dynamo electric
fields. We will use these models to examine the signatures of equatorial electric
field perturbations

associated with changes in the high-latitude convection as well

as enhanced energy deposition into the high-latitude ionosphere and compare them
with preductions from global convection and disturbance dynamo models. Vve will
also highlight the effects of prompt penetration and disturbance dynamo electric
fields in several case studies and discuss the possible importance of other perturba-
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tion processes. The limitations of our models as well as future possible upgrades
will also be addressed.
4.2

Methodology
Preparation

and Data

We have seen in Chapter 3 that the equatorial plasma drifts vary with the
phase of the solar cycle, season, and also exhibit significant short-time (period from
minutes to several days) variability even during magnetically quiet periods. Vie have
presented a solar cycle dependent 15-day sliding bi-monthly vertical drift model for
extended quiet-time periods. The average AE index for these extended quiet-time
drift patterns was about 130 nT. As mentioned above , the equatorial plasma drifts
also show strong variations with magnetic activity which will be studied in this
chapter. Therefore , these drifts can be expressed as

V(t , d, ¢ , AE) =< Vq(t, d, ¢) > +<5Vq(t
, d, ¢) + Vi(t , d, ¢ , AE)

(4.1)

where tis local time, dis the day of the year , and¢ is the solar decimetric index. The
first two terms on the right-hand side denote the quiet-time average and fluctuation
values , respectively, and the third term represents disturbance drifts driven by highlatitude processes. Since we are interested in the storm-time (i.e., a time period after
a given change in the high-latitude current system) dependence of the equatorial
electric fields, we will examine the plasma drifts in response to a time series of AE
indices. This index does not fully specify the state of the high-latitude ionospheric
currents and, therefore, our study will average the effects of a number of highlatitude processes such as substorms and convection enhancements, and the energy
deposition in different local time sectors. It is also possible that the high-latitude
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convection-driven electric fields are season and/or solar cycle dependent , but these
effects will not be investigated here.
In our analysis, we initially subtract from each quarter-hourly or hourly averaged drift measurement the corresponding season and solar flux dependent quiettime average drift.

This procedure is illustrated in Figure 4.3 for the period of

September 23-24, 1986, where the top, middle, and bottom panel show the AE
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indices, the measured and average quiet-time drifts , and the perturbation drifts,
respectively. The perturbation drifts in Figure 4.3 are due to both magnetic activity as well as to quiet-time variability; i.e., they correspond to the last two terms
on the right-hand side of Equation 4.1. Then, for given high-latitude current conditions (specified by a time series of AE indices), the average disturbance drifts
Vd(t, d, ¢, AE) can be determined, provided that the database is large enough for

the quiet-time perturbations to cancel out. In the next step, the disturbance drifts
are related to corresponding changes in the auroral indices (to account for prompt
penetration electric fields), and also to a time series of AE indices covering the
periods of the preceding 28 hours prior to the drift measurement.

Since our av-

erage quiet-time drifts correspond to an AE index of about 130 nT, we study the
disturbance drifts as a function of AEd

= AE

- 130 nT for positive values of this

parameter.
As discussed in Chapter 2, theoretical studies suggest that prompt penetration
electric fields and ionospheric disturbance dynamo electric fields can be related to
rapid changes in the polar cap cross potential and to the global Joule heating rate ,
respectively. Ahn et al. [1983, 1992] used a magnetometer inversion technique to
relate the polar cap potential drop to the AE index measured at 12 stations over
a 2-day equinoctial period and showed that this relationship is approximately linear, although there is a large degree of scatter. The linear regression obtained was
¢(kV) = 36

+ 0.089

AE 12 (nT) with a correlation coefficient of 0.83 for AE up to

900 nT. Similar results were obtained using the magnetometer inversion technique
complemented by incoherent scatter radar measurements [Richmond et al., 1990;
Lu et al., 1995], and by comparing polar cap potentials derived from electric field

measurements from the DE-2 satellite with simultaneous AE indices measured with

82
ground-based magnetometers [ Weimer et al., 1990a, b]. Several experimental studies have also shown that the Joule heating production rate and the particle energy
injection rate can be expressed as linear functions of AU, AL, and AE indices [e.g.,
Ahn et al., 1983; Richmond et al., 1990; Lu et al., 1995], and also as a function of

the Kp index. Ahn et al. [1983] derived a relationship between the global energy
injection rate and the AE index given by U(MW)

= 290 AE 12 (nT),

and a ratio of

Joule heating to particle energy injection rate of about four, independent of magnetic activity. Somewhat larger Joule heating rates were obtained by Baumjohann
and Kamide [1984], Richmond et al. [1990], and Lu et al. [1995], as a result of the

use of different ionospheric conductivities. This relationships will form the rational e
behind our use of auroral electrojet indices and also build the basis for comparisons
of our empirical results, which will be expressed in terms of auroral electrojet indices and theoretical results , which are generally given in terms of polar cap cross
potentials or hemispheric energy input.
The final step consists in empirically modeling the perturbation drifts in terms
of the prompt penetration and disturbance dynamo components.
4.3

Initial Separation of Prompt Penetration and Disturbance Dynamo Effects
In this section , we illustrate the separation of the prompt penetration electric

field effects from the longer lasting and time-delayed disturbance dynamo effects.
We will use hourly averaged perturbation drifts as well as hourly AE indices. As
mentioned before, changes in the auroral electrojet indices, which correspond to
changes in the polar cap cross potential , will account for the effects of prompt
penetration electric fields, and the average auroral electrojet index over several hours
before the observation , corresponding to the cummulative effects of high-latitude
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Table 4.1. Binning Criteria for Our Initial Study

Storm Time
~AE(t-30min)(nT)

tO
~125

~AE (t-90min) (nT)
AE(2 - 4hr) (nT)

tl

t2

l~AES150 l~AEISl50

t3

t4

S-125

l~AEISl50

~125
S300

S300

S-125
~200

~125

~175

energy input, will be used to examine disturbance dynamo electric field effects. In
more detail, we have used changes in the AE indices 30 and 90 minutes before the
observation to parameterize prompt penetration effects and an average over the
past 2-4 hours of AE indices above our quiet-time level of 130 nT to account for
the disturbance dynamo effects. Due to the general correlation between neighboring
AE indices , the average AE index over 2-4 hours cannot be associated with a time
delay of exactly 2-4 hours between auroral and equatorial disturbances ; instead it
represents an effective index that accounts for high-latitude energy deposition over
several hours before the equatorial observation .
Based on these three parameters , we have binned our data according to the
idealized variations of the AE index shown in the top panel of Figure 4.4. The
binning criteria are given in Table 4.1. The bottom part of Figure 4.4 shows the data
points with the scatter bars (standard deviation) corresponding to the five storm
times indicated in the top panel, which correspond to the initial time response 30
minutes after the storm onset (storm time tO), the response after 90 minutes (t1) ,
the storm-time wind-driven response several hours into the storm (t2), and the
responses 30 minutes (t3), and 90 minutes (t4) after a sudden quieting in the highlatitude forcing . The solid curves represent the results from an analytical empirical
model , from now on called our initial model, which is based on cubic-B splines of
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fourth order. This model is expressed as:
9

vd(t, AE)

=

I)ai,l
i=l

b.AE(t - 30min)

+ ai ,2 .6.AE(t

- 90min)

(4.2)

and works with 27 coefficients determined by a least squares fit to the entire data
set. Nine normalized cubic-B splines of order four were chosen to describe the local
time dependence of the perturbation

drifts. The input parameters for this model

are the three parameters described above, namely , the change in the AE indices
at times t-30minute,

t-90minute,

and the average value of AE from 2 to 4 hours

before the time t. This relatively simple model will be primarely used to separate
the effects of direct penetration and ionospheric disturbance dynamo electric fields.
In Section 4.5 we will describe a much more detailed model for these perturbations.
The drift pattern for a sudden increase in the AE index is shown at time tO
in Figure 4.4. The data points were obtained by averaging the drifts when the
hourly increases in AE were larger than 125 nT after a period of relative magnetic
quiescence of at least 3 hours.

In this case, the average increase was 227 nT .

This initial time response shows downward velocity perturbations

(westward electric

fields) in the midnight-dusk sector, and small, but predominantly upward velocity
perturbations

from about dusk to midnight. One hour after the onset of magnetic

activity, at time tl, the perturbation velocities largely vanish at essentially all local
times. It will be shown later that the phase, perturbation amplitudes , and the time
constant of decay of these empirical results are in good agreement with theoretical
predictions [e.g., Senior and Blanc, 1984; Spiro et al., 1988; Fejer et al., 1990a].
The disturbance dynamo drifts at storm time t2 in Figure 4.4 show upward
nighttime drifts with largest amplitudes in the postmidnight sector , and daytime
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downward drifts with smaller values. The disturbance electric field pattern from
the sudden decrease in AE at time t3 shows relatively large amplitudes due to
the combined effects of direct penetration and disturbance dynamo components.
One hour later , at storm time t4 , the direct penetration electric fields have largel y
vanished, and the drifts result again from disturbance dynamo effects.
We have seen that our methodology can effectively separate the effects of shortlived prompt penetration electric fields and of longer lived time-delayed disturbance
dynamo electric fields. In the next section , we will show that the disturbance dynamo component has a much more complex morphology than suggested by our
simple parametrization

used in Equation 4.2. In fact , it will be shown that this

component is strongly storm-time dependent and generally results from the superposition of disturbances acting on different time scales.
4.4

Disturbance Dynamo
Electric Fields

Zonal

We have studied the storm-time dependent disturbance dynamo electric fields
using linear regression analysis , simultaneous multiple parameter fitting , and stormtime dependent binning. These methods have different strength and weaknesses,
but collectively they provide considerable new insight into the underl ying physics
and morphology of storm-time dynamo processes. Linear regression analysis was
used to obtain approximate relationships between equatorial drift perturbations and
auroral current enhancements separated by different time delays. The simple linear
regression analysis used here does not provide accurate time-dependent relationships
between equatorial and auroral disturbances since usually it is unable to completely
decouple separate perturbations

due to competing processes with different time

constants. Simultaneous multip le parameter fitting of the entire perturbation drift
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database provides the best possible estimate of efficiencies of different storm-time
processes, but this method requires a priori knowledge of the appropriate fitting
parameters and, therefore, of their approximate time constants.

We used linear

regression analysis to obtain the most suitable parameters for our simultaneous
multiple parameter fitting scheme. Storm-time dependent binning, which requires
very large databases , was used to determine the basic signatures of the disturbance
dynamo mechanism , as well as to examine the agreement of these results and those
from our multi--parameter model. Since the ionospheric disturbance dynamo electric
fields have time constants of a few hours, we have used hourly averaged drifts and
AE indices. This allows for a fairly simple removal of shorter time scale prompt
penetration effects from the perturbation drifts and also reduces the noise in the
database .
We studied the time dependent efficiency of the disturbance dynamo by binning initially the perturbation

vertical drifts, v( t), as a function of AEd (t-r ) 2::0,

where t is local time and r=l-72 hours is the time delay between auroral and equatorial perturbations . Since the disturbance dynamo processes have time constants
of a few hours and longer , we combined these data in 3-hour sliding local time and
time-delay intervals centered on the half hour. The drifts were binned in 100 nT
windows of AEd(t-r) up to 400 nT, and into a single bin for larger values. Then,
for each time delay, a linear regression analysis was performed using the average
drifts and AEd indices computed in each bin . We used average values instead of
individual data points for the linear regression ana lysis since there is a significantly
larger number of drift measurements during periods when the AEd indices are small.
Figure 4.5 shows results from this linear regression analysis for two periods of time
delay between high-latitude and equatorial disturbances.
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The regression analysis gives a straight line, v(t,AE)

= v0 +S·AEd(t-T),

where

v0 is the offset-value and S is the slope, and also the sample correlation coefficient,
R. The offset-value can be interpreted as due to the cumulative effect of perturbations with time delays different from the one under consideration, whereas the
slope relates the magnitude of the velocity perturbations to the corresponding AEd
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values. The linear correlation coefficient, R, is a measure of the total variation of
the perturbation drifts, which is accounted for by the derived relationship between
v(t,AE) and AEd(t-r) [Freud and Walpole, 1987; Reiff, 1990]. More rigorously, it is
defined as the square root of the fraction of the variance that is explainable by the
linear fit. Since (1 - R 2 ) is the fraction of the variance that remains after the linear
correlation, we will use below R 2 -S as a measure of the relative dependence of the
perturbation drifts on the auroral current enhancements, as measured by A Ed(t-r).
The values of the correlation coefficients obtained by our analysis depend strong ly
on the AE binning. For our bin size of 100 nT , we have absolute values of the
correlation coefficient of up to 0.9 indicating that, on the average , the day-to-day
variability (unrelated to high-latitude current conditions) is basically canceled out.
The use of smaller bin sizes reduces the number of points per bin and decreases
the sample correlation coefficient, which reflects increased effects from day-to-day
variability.
The regression analysis described above cannot effectively separate disturbance
dynamo effects with significantly different time delays. Therefore , we have applied
this method using a two-step process. In the first , we have determined that AEd
enhancements affect the equatorial vertical drifts only for time delays shorter than
about 35 hours . In the second, we have minimized the contamination between short(less than 12 hours) and long-term (longer than 20 hours) dynamo effects by deleting from the regression analysis (but not from the multi-parameter fitting analysis
to be described later) drifts associated with both short- and long-term disturbed
conditions (average AEd > 170 nT , and hourly values > 370 nT). For example, to
determine the efficiency of the disturbance dynamo for an average time delay of r

= 5 hours , we deleted

from the analysis drift data associated with significantly en-
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hanced auroral activity between about 15-20 and 35 hours earlier. For time delays
longer than about 20 hours, we used only drifts measured following about 12 hours
of relatively quiet magnetic conditions, as specified above. For intermediate time
delays, the analysis was carried out using drifts associated only with our relatively
quiet conditions outside a sliding "time-window" centered on the time delay under
consideration.

Several window sizes were used without significant changes in the

regression analysis, and we finally decided on a half width of 15 hours. This window
size does not exclude long-lasting storms and still allows the separation of shortterm and long-term effects. The results shown in Figure 4.5 were obtained using
this procedure.
Figure 4.6 shows the temporal dependence of the relative efficiency (slope ·
R 2 normalized to a maximum value of one) of the disturbance dynamo equatorial
vertical plasma drifts obtained from our regression analysis. Time delays longer
than 35 hours are not shown since the corresponding efficiencies are at the noise
level (relative efficiencies < 0.15) for all local time sectors. Efficiencies smaller than
this value were also set to zero in Figure 4.6. Our results indicate that the largest
values occur in the postmidnight sector where this mechanism generates upward
velocity (eastward electric field) perturbations.

Figure 4. 7 shows these results in

more detail in three local time sectors. The results shown in Figures 4.6 and 4.7 are
less reliable for time delays smaller than 2 hours since, in this case, it is essentially
impossible to completely remove prompt penetration effects. In addition, small
fluctuations shown in Figure 4.7, particularly for time delays between 12 and 20
hours during the day, depend somewhat on the choice of the time-window used in
the regression analysis. It is also important to notice that the frequent correlation
of consecutive AE indices and our use of 3-hour sliding averages cause a temporal
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broadening of the efficiency patterns.
Figures 4.6 and 4. 7 show that the largest disturbance dynamo upward drifts
(eastward electric fields), which correspond to large positive efficiencies, occur for
time delays of a few hours in the postmidnight sector. This is consistent with our
initial results. In the postmidnight sector, the disturbance dynamo efficiency varies
only slightly for the first 10 hours after auroral disturbances, after which it goes to
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zero for time delays between about 15 and 19 hours, and has again large positive
values for time delays between about 20 and 30 hours.

In the morning sector,

the disturbance drifts are downward (corresponding to negative efficiencies), have
smaller amplitudes, and are associated with time delays longer than about a few
hours. Figures 4.6 and 4. 7 also show that ionospheric disturbance dynamo drifts are
not seen in the afternoon sector. As mentioned above, our analysis, using AE indices
and 3-hour sliding averages, does not determine the exact temporal dependence of
the equatorial plasma drifts on the high-latitude current perturbations.
We have seen that, on the average, the response of the equatorial zonal electric
field to high-latitude current enhancements can be roughly separated into short-,
intermediate-, and long-term effects with time delays

T ~

1-12, 12-20, and 20-30

hours , respectively. Additional information can be obtained by binning the data
according to their storm-time history. In this way, we are able to distinguish drift
responses associated with the growth and recovery phases of the high-latitude current enhancements, as well as to examine possible relationships between ionospheric
dynamo effects with different time delays. In the following sections , we examine in
more detail the short- and long-term disturbance drifts using storm-time binning ,
linear regression analysis, and a spline fitted multi-parameter model. The use of
these analysis techniques will allow us to determine that , in general, the amplitudes
of the short- and long-term perturbation drifts depend not only on the values of the
corresponding auroral indices but also on the storm history.
4.4.1

Short-Term (T = 1-12 Hour) Effects
The results above indicate that the response of the equatorial vertical drifts

to magnetic activity is strongly storm time dependent. This is illustrated further in
Figure 4.8 where the top panel shows an idealized variation of the auroral index and
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the bottom panel indicates the diurnal variation of the average perturbation drifts at
three storm times. The data points with the scatter bars were obtained by binning
the perturbation drifts for the conditions illustrated in the top panel. The binning
criteria and the average AE indices are given in Table 4.2. The solid curves show the
results obtained from an analytical cubic-B spline model to be described later. The
scatter on the data is partly due to our binning criteria, as well as to the remaining
day-to-day variability superposed on the disturbance drifts. In addition , although
prompt penetration electric field effects do not change the average perturbation
drifts shown in Figure 4.8, since the average .0.AE values are approximately zero,
they increase the scatter in the data.
Figure 4.8 shows upward drift perturbations throughout the night with largest
amplitudes in the 2-5 local time sector and smaller downward perturbations during
the day. For the condition shown in the top panel of Figure 4.8, the nighttime
perturbation drifts increase with storm time , and roughly double their amplitudes
from tl to t2. For longer time delays , however, these amplitudes remain essentially
constant as suggested by Figures 4.6 and 4. 7. This is an indication that after about
12 hours of constant high-latitude energy input , the nighttime equatorial vertical
plasma drifts reach a new equilibrium. The bottom panel in Figure 4.8 shows that

Table 4.2. Binning Criteria
Storm Time

tl

t2

t3

t4

- 06hr) (nT)

2250(373)

2200(419)

~250(162)

~300(159)

AE(07 - 12hr) (nT)

~250(156)

2200(423)

2250(358)

~300(178)

AE(0l

AE(22 - 28hr) (nT)

2400(572)
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Figure 4.8. Local time variation of equatorial disturbance dynamo vertical drift s
at the storm times shown in the upper panel. The points with the scatter (nor
error) bars were obtained by binning the data for the conditions in the upper panel ,
whereas the solid curves are the result from an empirical model for the same conditions.

about 6 hours after the end of the period of enhanced AE indices , the average
perturbations

are essentially zero at almost all local times , i.e., the vertical drifts

have returned to their quiet-time values. This time constant for recovery to quiet-
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time values is consistent with that of thermospheric winds following magnetic storms
[Fuller-Rowell et al., 1994].

It is interesting to note that the local time average of the disturbance dynamo
electric fields is not zero. This is also the case for the quiet-time average vertical
plasma drifts, as shown by Fejer et al. [1979]. They interpreted the latter results
as indicative that this atmospheric dynamo process is longitude dependent. On the
other hand, as we will show later, the vertical plasma drift perturbations resulting
from prompt penetration electric fields average out to zero, as suggested by global
convection models.
The short-term (T=l-12 hour) disturbance dynamo process is more complex
than suggested above. This mechanism has two coupled components with
hour and

T

= 7-12 hour,

For example, a split into

T

= 1-6

although the choice of these periods is somewhat arbitrary .
T

= 1-5 hour

and

T

= 6-12 hour or T

= 1-7 hour and

T

= 8-

13 hour would have given very similar linear regression results although with smaller
correlation coefficients. These two components will allow us to model realistically
the recovery to quiet-time values as well as the effects of short-lasting (few hours) and
extended high-latitude disturbances and also to directly compare the corresponding
disturbance dynamo efficiencies. The regression analysis indicates that the efficiency
of the dynamo process with

T

= 7-12 hour

increases significantly with the average

level of magnetic activity in the previous 6 hours, i.e., with AE(l-6 hour). This
can be seen by noticing that in Figure 4.8 the incremental effect of AE(7-12 hour)
essentially doubled the amplitude of the nighttime perturbation drifts at storm time
t2 relative to tl, but did not produce any perturbation drifts at storm time t3 when
AE(l-6 hour) had a much smaller value above our quiet-time average.
Blanc and Richmond [1980] studied the characteristics of the ionospheric dis-
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turbance electric fields driven by Joule heating in the auroral zone using numerical
simulations. Mazaudier and Venkateswaran [1990] have used mid-latitude plasma
drift and neutral wind measurements and equatorial magnetic field data to examine
ionospheric disturbance dynamo effects following a large magnetic storm. The physical process of the ionospheric disturbance dynamo has been discussed in Chapter 2.
Vvecan compare the equatorial zonal electric fields predicted by the Blanc-Richmond
model with our empirical disturbance pattern by using derived relationships between
the hemispheric power input and the AE index. Empirical studies [e.g., Ahn et al.,
1983; Mazaudier et al., 1987] indicate that the hemispheric Joule heating can be

expressed as Uj(MW) = (230 - 400) AE(nT). The variability in the proportionalit y
factor is largely due to the different conductivity models used in these studies. Here,
we use Uj(MW) = 300 AE(nT). In this case, an increase in the AE index by 400
nT corresponds to an enhanced hemispheric Joule heating , which is about a factor
of 7 smaller than that used in the case I simulation of Blanc and Richmond [1980].
We have scaled down the results from the numerical model by this factor (even
though this model is nonlinear) , to allow a direct comparison with our empirical
esults. Figure 4.9 illustrates the excellent agreement between the results from th e
~mpirical model, the Blanc-Richmond model , and the binned data, for an enhanced
1emispheric Joule heating input corresponding to 400 nT over a period of 9 hours .
In addition to the Blanc-Richmond mechanism, there are also other potentially
mportant storm-time ionospheric dynamo processes. This includes the dynamo acion of fast traveling atmospheric disturbances (TADs) that reach the equatorial
atitudes a few hours after the onset of high-latitude current enhancements [e.g.,
0

rolss, 1995; Fuller-Rowell et al., 1994, 1996], of fossil winds equatorward of the

,hielding layer following rapid poleward motions of the equatorward edge of the
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diffuse aurora after sudden geomagnetic quieting [Fejer et al., 1990a], and of magnetic storm induces conductivity /composition changes. However, the efficiency of
these processes in generating ionospheric electric fields still remains to be determined. Fejer et al. [1990a] suggested that fossil winds could explain the larger and
longer lasting equatorial zonal electric field perturbations following large and sudden decreases in high-latitude convection compared to the perturbations associated
with convection enhancements of the same magnitude. Although it is possible that
this mechanism contributes to the generation of relatively short-term disturbance
electric fields following sudden quieting, this asymmetry seems to be largely due
to disturbance dynamo effects. In the following section, we describe the characteristics of longer term disturbance drifts probably generated by a different dynamo
mechanism.
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4.4.2

Long-Term (r

= 20-30 Hour) Effects

Figures 4.6 and 4.7 show that the equatorial plasma drifts are essentially independent of enhancements in the auroral current systems , as measured by the
AE index, for time delays of about 13-20 hours , but can strongly respond to highlatitude current disturbances occurring about 20-30 hours earlier. We studied the
long-term disturbance drifts using a linear regression analysis combined with restrictions on the short-term geomagnetic conditions in order to minimize the mixing of
short- and long-term dynamo effects. Our analysis indicates that the highest correlation coefficient between the AE indices and the long-term equatorial vertical
drifts occur for time delays of 22 to 28 hours, although slightly different ranges of
time delays do not affect the results significantly. These effects are largely restricted
to the nighttime and morning sectors and to periods when geomagnetically quiet
conditions over several hours are preceded by large or moderate storms (i.e., when
the average AE(22-28 hour) > 350 nT) . Figure 4.10 shows the local time variation of the long-term disturbance drifts in the nighttime and morning sectors for
AEd(22-28 hour)

= 400 nT,

value. The solid curve ,

as a function of the short-term average AE (l-12 hour )

/3 rv exp[-AE(l-12 hour)/90 nT], was obtained by a least

squares fit to the data. Figure 4.10 indicates that the long-term disturbance dynamo drifts are largest under short-term geomagnetically quiet conditions . In this
case, our linear correlation analysis indicates that the long-term dynamo drifts are
proportional to [AEd(22-28 hour) - 200 nT] for positive values of this parameter.
On the other hand, for AE(l-12 hour) > 250 nT, the long-term dynamo drifts are
very small although the short-term ones, described earlier, are not. In our empirical
model , which will be described later , we will use /3(AE) to account for the effect of
short-term magnetic activity on the efficiency of the long-term dynamo mechanism .
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Figure 4.10 shows large variability in the perturbation drifts for geomagnetically
quiet short-term conditions. This is due in part to the relatively smaller number
of data points which simultaneously satisfy the conditions of large long-term and
small short-term average AE values. However, it is likely that other effects, such
as energy deposition in different local time sectors, which are not accounted for by
our use of the AE index , also strongly affect the efficiency and the time delay of the
long-term disturbance dynamo process.
Figure 4.11 shows a comparison of the long-term disturbance drift pattern
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from our empirical model with binned data for long-term disturbed and short-term
quiet magnetic conditions.

The binning criteria and the average values of these

indices are given in Table 4.2 under storm time t4. In this case, large upward
drift perturbations occur during the entire nighttime period with larg est amplitudes
around 0100 LT. The dayt ime downward drifts have smaller amplitudes, which
maximize between about 0700 and 1100 LT. As mentioned above, the long-term
disturbance drifts exhibit large variability; the results presented here correspond
to an average AL/ AU

~

2. Preliminary results suggest that time delays somewhat

shorter (longer) than 22-28 hours are associated with AL/ AU rations larger (smaller)
than about 2. Clearly , a more extensive data set is needed to fully characterize these
drifts.
The generation mechanism of the long-term disturbance dynamo drifts is not
clear. However, since there is strong evidence for appreciable changes in the compo-
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sition of the low-latitude ionosphere about one day after large high-latitude current
disturbances [e.g., Fuller-Rowell et al., 1994, 1996], it is possible that these drifts
result from the dynamo action of storm-driven composition/conductivity

effects.

These longer term effects could also be partly due to electric fields resulting from
the decay of the storm-time ring current in the recovery phase of a magnetic storm

[R. Wolf, private communication, 1997].
4.5

Empirical Equatorial StormTime Models
In this section we describe our empirical models for the equatorial vertical drift

perturbations.

The first one, determined from hourly averaged AE indices and drift

measurements , combined the prompt penetration component of our initial stud y
with the disturbance dynamo components described in the last section. This mod el
can be readily adapted for use with other hourly averaged disturbance input parameters . The second , higher time resolution model , derived from 15-minute averaged
data , is used for comparisons of model results with Jicamarca drift observations.
4.5.1

Model Representation
We have shown in our initial study that the zonal electric field disturbances

can be well reproduced in terms of prompt penetration and disturbance dynamo
effects. For the representation of the prompt penetration electric field effects at a
given time t, we have used the changes in the auroral electrojet indices at times t 30 minute and t - 90 minute. In the last section we have shown that the disturbance
dynamo consists of both short- and long-term perturbations with time delays of 112 and 22-28 hours. The short-term effects, however, are best represented using
two parameters AEd(l-6 hour) and AEd(7-12 hour), which take into account the
average auroral current effects with time delays of 1-6 and 7-12 hours , respectively.
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Therefore, the total disturbance vertical plasma drifts can be expressed as:
9

vd(t,AE)

=

~{ai,1

.6.AE(t -30min)

+ ai,2 .6.AE(t-

90min)

i=l

(4.3)

+

ai,5 /3[AEd(22-28hr) - 220nT]} Ni,4(t)

The first two terms under the summation account for prompt penetration drifts
at time t and are related to changes in the AE indices with average time delays of
30 and 90 minutes , where

6.AE(t - 30min)

AE(t) - AE(t - lhr)

6.AE(t - 90min)

AE(t - lhr) - AE(t - 2hr)

(4.4)

The last three terms are used to account for the ionospheric disturbance dynamo
effects. In the last section, we have shown that the efficiency of disturbance dynamo
processes with time delays of 7-12 and 22-28 hours are controlled by shorter term
average activity indices AE(l-6 hour) and AE(l-12 hour) , respectively. These short/long-term couplings can be described by:

0
a=

AE(l-6hr)/100nT1

for

AE(l-6hr)

< 200nT

2 for

AE(l-6hr)

< 200nT

for

AE(l-6hr)

> 300nT

(4.5)

and (3 = [-AE(l-12 hour) /9 0nT] for AE(l-12 hour) 2: 70 nT , and (3 = 0.46 for AE(l12 hour) < 70 nT. The last term on the right-hand side of Equation 4.3 accounts
for long-term disturbance dynamo drifts for AEd(22-28 hour) > 200 nT. For smaller
values of A.Ed this term is set to zero. The local time dependence of the vertical
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Figure 4.12. Normalized cubic-B spline functions for the local time representation
of the prompt penetration and disturbance dynamo vertical drifts.

drifts is described by nine normalized cubic-B splines of order four , Ni,4 (t ). Eight
nodes were placed in equally separated local time intervals at 0,3,6, ... ,21 hour s, and
one additional node was placed at 4.5 local time to account for rapid changes near
dawn . The B-spline functions used in this study are shown in Figure 4.12. These
functions are nonvanishing over limited intervals and add up to one at all local times
[e.g. , DeBoor, 1978].
The 45 coefficients ai,j of the model were constrained to make the fit periodic
in 24 hours , and were determined by minimizing the mean square error defined by
m=4926

:E lvdm(t, AE)

- vd(t, AE)l 2 ,

(4.6)

m=l

where v dm denotes the hourly measured perturbation

drifts.

These coefficients ,

given in Table 4.3, can be used to estimate hourly disturbance

drifts based on
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Table 4.3. Coefficient Values for Model Fit to Vertical Drift Perturbations (1-Hour
Time Resolution)
B Spline

ai,1

ai,2

ai ,3

ai ,4

a i ,o-

N1,4

0.0124
-0.0090
0.0275
-0.0022
0.0162
0.0181
-0.0057
-0.0193
-0.0492

-0.0168
-0.0022
0.0051
0.0044
0.0007
0.0185
0.0002
0.0035
-0.0201

-0.0152
-0.0107
-0.0132
0.0095
0.0085
-0.0109
0.0086
0.0117
0.0338

-0.0174
0.0152
0.0020
0.0036
-0.0140
-0.0031
0.0149
0.0099
0.0099

-0.0704
-0.0674
-0.0110
-0.0206
0.0583
-0.0427
0.2637
0.3002
0.0746

N24,
N34

'
'

N44

N-4o,

N54,
N1 ,4

Ns4
'

Ng4

'

AE indices over periods of 28 hours.

This model provides a significantly more

complete description of the storm-time equatorial vertical perturbation drifts than
presented in our initial study (Section 4.3). These disturbance drifts superposed on
the corresponding average quiet-time patterns , presented in Chapter 3, will provid e
our low time resolution model for equatorial vertical drifts.
Our higher time resolution model uses quarter-hourly averaged AE indices for
the representation of direct penetration velocity perturbations . Here, the direct
penetration effects at a given time t are related to changes in the AE indices at
average time delays of 7.5, 30, and 75 minutes obtained from:

!:iAE(t - 7.5min)

AE(t) - AE(t - 15min)

6AE(t - 30min)

AE(t - 15min) - AE(t - 45min)

6AE(t - 75min)

AE(t - 45min) - AE(t - l05min)

(4.7)

For the longer time scale disturbance dynamo drifts , we use the same representation
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Table 4.4. Coefficient Values for Model Fit to Vertical Drift Perturbations
Minute Time Resolution)
B Spline
N14

'

N24

'

N3,4
N44

'

N-4::>,
N64

'

N7,4
Ns4 ,
Ng4

'

ai,O

ai,1

ai,2

0.0177
0.0051
0.0241
0.0019
0.0170
0.0086
-0.0070
-0.0326
-0.0470

0.0118
-0.0074
0.0183
-0.0010
0.0183
0.0189
-0.0053
-0.0101
-0.0455

-0.0006
-0.0096
0.0122
0.0001
0.0042
0.0200
-0.0090
0.0076
-0.0274

(15-

given above. Then, the coefficients for our high time resolution model defined by
9

I: {ai ,o !::.AE(t

- 7.5min)

+

a i, l

!::.AE(t - 30min)

i=l

+

ai ,2

!::.AE(t - 75min)

+

ai ,4

a AEd(7-l2hr)

+

ai ,3 AEd(l-6hr)

+ ai,5 {3[AEd(22-28hr)

(4.8)
- 220nT]} N i,4 (t)

were again determined by minimizing the mean square error of the perturbation
drifts but now using 15,162 quarter-hourly

averaged drift values.

The resulting

coefficients for the disturbance dynamo effects are essentially identical to those obtained using the hourly averaged values. The coefficients of the direct penetration
terms in Equation 4.8 are given in Table 4.4.
For time delays shorter than 75 minutes , we developed an interpolation scheme
based on Equation 4.7 to account for changes in the AE indices at 15-minute intervals, whereas for longer time delays , we assumed an exponential decay associated
with the !::.AE(t-75 minute) response. A least-squares-fit analysis to the direct pene-
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Figure 4.13. Plots of the basic disturbance dynamo drift components in our empirical model for values of the AE index of 400 nT above our quiet-time level.

tration responses at storm times of 30 and 75 minutes at all local times showed that
the average exponential decay time constant is about 70 minutes , consistent with
theoretical results [e.g., Spiro et al., 1988; Fejer et al., 1990a], although this time
constant varies somewhat with local and storm time. This exponential dependence
provides a reasonably realistic longer term decay for the prompt penetration drifts
but, as will be discussed later , it neglects the small disturbance drifts due to the
leakage of high-latitude electric fields to the equator under stationary conditions.
Figure 4.13 shows the model results associated with the disturbance dynamo
components for AEd = 400 nT over the th ree periods considered in this stu dy. The
component with time delays of 7-12 hours is not separately shown since, as men-

108

tioned earlier, it is strongly affected by the shortest term (1-6 hours) disturbance
levels. For continuously disturbed conditions , the efficiency of the short-term effects
increases up to time delays of 12 hours between 2200 and 0800 local time , whereas
in the late morning/early afternoon sector it maximizes after about 6 hours . Th e
maximum upward drift perturbations associated with the short- and long-term disturbances occur at about 0400 and 0200 local time, respectively.
4.5.2

Model Limitations
We have seen that the basic feature of our empirical models is the inclu sion

of storm-time effects, which allows for the separation of direct penetration
disturbance dynamo perturbations.

and

When comparing the model predictions with

observations, several points should be kept in mind . The use of the AE index as th e
model parameter has well known limitations that are imp ortant when estimatin g
t he polar cap potential and hemispheric power input and , therefore , the prompt
penetration and disturbance dynamo electri c fields. These parameters canno t be
accuratel y estimated from the AE index during small potentials when AE estim at es
are not accurate due to the poleward motions of the auroral currents and during
strongly disturbed conditions due to both equatorward motions of the auroral oval
and to precipitation-induced

conductivity enhancements . Furthermore , as a result

of the use of AE indices , we do not take into account effects associated with highlatitude energy deposition in different local time sectors , which can lead to larg e
errors in the determination of storm-time dynamo electric fields [Mazaudier and
Vankateswaran,

1990]. We have also relied entirely on auroral indices from the

northern hemisphere although the storm-time equatorial electric fields are driven
by high-latitude processes in both the northern and the southern hemispheres. For
a given polar cap potential or hemispheric energy input, the AE indices are higher by
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a factor of about 1.5 in the summer hemisphere than in the winter hemisph ere due to
the higher ionospheric conductivities [e.g., Berthelier, 1976; Weimer et al., 1990a].
Therefore , we might underestimate the storm-time perturbations

near December

solstice and overestimate them in June solstice. In addition , the Joule heating
rate and the ionospheric electrodynamics are also affected by neutral wind effects
[e.g., Lu et al., 1995]. This results in a range of possible AE values for a given
polar cap potential and high-latitude energy input.

We also reiterate that our

model corresponds to average disturbance conditions of our database (e.g., AL/AU
~

2) and does not consider a possible dependence of the perturbation

drifts on

season and solar cycle. If these effects are important , then our model should most
closely represent moderate solar flux equinoctial disturbance drifts. Finally , there
are probably additional effects not being taken into account in our model which
could sometimes play important roles on the generation and time delays of lowlatitude disturbance electric fields. Most of these effects are averaged out in our
model but could in principle be taken into account if we had a significantly larger
database.
In the following section, we compare our prompt penetration results ·with
those from global convection models by using the same idealized input parameters
considered in the theoretical models. The comparison with predictions of the BlancRichmond disturbance dynamo has been presented in Section 4.4.1.

4.6

Prompt Penetration
Electric Fields

Zonal

Figure 4.14 shows the prompt penetration vertical drift patterns obtained from
our high time-resolution (15 minute) model at three storm times following a step
function increase in the AE index by 400 nT over our quiet-time value. The results
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Figure 4.14 . Empirical prompt penetration vertical drift patterns at three storm
times following a step function increase in the AE index by 400 nT .

for storm time 7.5 minute shows that the nighttime downward perturbation drifts
are largest in the postmidnight sector with a maximum value of about 15 m/s (i.e. ,
a westward electric field of about 0.4 mV / m) , whereas the daytime upward drifts
have typical values of about 5 m/s. In our initial study, we have shown that the
perturbation drifts associated with identical increases and decreases in the AE index
have the same magnitude but opposite signs (see also Figure 4.16). Following a sudden increase in the AE indices (or in the polar cap potential drop), the disturbance
electric fields and drifts decrease with an average decay time constant of about 70
minutes.
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The prompt penetration of high-latitude electric fields into the mid- and lowlatitude ionosphere has been studied using a number of elaborate theoretical and
numerical global convection models [e.g., Nopper and Carovillano, 1978; Spiro et

al., 1981, 1988; Senior and Blanc, 1984; Tsunomura and Araki, 1984; Sakharov
et al., 1989; Denisenko and Zamay, 1992]. These models determined the global
ionospheric electric fields and currents resulting from given electrostatic distributions or field-aligned currents at high latitudes by solving the continuity equation
of ionospheric currents on a two-dimensional (thin shell) ionosphere with specified
ionospheric conductivity distributions . The equatorial zonal electric field (vertical
drift) perturbation patterns predicted by the different models for comparabl e sudden changes in the polar cap potential (or in the high-latitude field-aligned currents)
are quite similar [e.g., Fejer et al, 1990a]; the minor discrepancies are largely due to
the use of different conductivity models . The local time variation of prompt pen etration electric fields depends mainly on the potential equatorward of the shielding
layer and on the distribution of the ionospheric conductivities. These perturbations
decrease as a function of storm time following the readjustment of the shielding
charges in the inner magnetosphere to the new polar cap potential drop.

The

shielding time constant depends on the high-latitude ionospheric conductivity and
on the temperatures in the plasma sheet [e.g., Jaggi and Wolf, 1973; Spiro et al.,
1988]. Here , we will compare our empirical results with the predictions from the
Rice Convection Model (RCM), which includes the coupled electrodynamics of the
inner magnetosphere and ionosphere [e.g., Wolf et al., 1986; Spiro et al., 1988].
The logical setup and parameters of the Rice Convection Model used for midand low-latitude direct penetration electric field studies were described by Spiro et

al. [1988]. In this model, the electrostatic potential at the poleward boundary of
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the calculation (equatorward edge of the electric field reversal region) is given by

V(UT, ¢)

= ½c(UT)

· g(</>)

(4.9)

where V pc is the polar cap potential drop , and g( 1>)is a function giving the localtime angular dependence of the electrostatic potential at the poleward boundary as
specified by Heelis et al. [1982]. The local time and latitudinal

variations of the

zonal and meridional prompt penetration electric fields predicted by this model were
discussed by Fejer et al. [1990a]. Figure 4.15 compares the vertical perturbation
drifts obtained from our empirical model at t

+ 7.5 minute and t + 60 minu te for

the increase in the AE index by 400 nT shown in the top panel with the response
predicted by the Rice Convection Model for the corresponding increase in the polar
cap potential drop by 33 kV. In this case, we have used the relationship between
the polar cap potential drop and the AE ind ex derived by Ahn et al. [1983], have
scaled down the RCM pattern shown in Figure 4 of Fejer et al. [1990a] to correspond to 33 kV , and neglected the small perturbation
high-latitude
conditions.

drifts due to the leakage of the

electrostatic potential into the equatorial ionosphere und er stationary
The results for t

+

E

are probably not realistic since it is not clear if

significant polar cap potential changes can occur on time scales shorter than about
10 minutes, as assumed in the simulation.

Figure 4.15 shows that the local and

storm-time dependence, and the amplitudes of the disturbance drifts predicted by
the RCM are in good agreement with the results from our empirical model except in
the evening sector. As mentioned earlier, these results from the RCM are also consistent with those from other numerical models [Senior and Blanc , 1984; Tsunomura

and Araki, 1984; Sakharov et al., 1989; Denisenko and Zamay, 1992]. Theoretical
and simulation studies indicate that the shielding time consta nt increases with the
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Figure 4.15. Comparison of prompt penetration zonal electric fields obtained from
our empirical model (solid curve) and from the Rice Convection Model following an
increase in the polar cap potential drop by 33 kV.

plasma sheet temperature from about 15-20 minutes to 1 hour. We cannot determine this time constant accurately, but here also the simulation and empirical
results are consistent.
Our representation of prompt penetration disturbances is based on the assumption that identical sudden increases and decreases in AE lead to velocity per-

114

30
JICAMARCA 1968-87
SLT = 2 - 5
20

---.....

>

E

en 10

"'O

E
lo...

0

o.sE

(1.)

LL
(.)

o.o·.::
.....

0

(.)
(1.)

ro
(.)

.....

w

(l)-10

"'O

lo...

>

-20

lo...

ro

(27)

~
.....
en

ro

(6)

-30 ~~_.__~_..___.__~~~~~~~~~
-400
-200
0
Ll AE (nT)

-Q.5W

(12)

200

400

Figure 4.16. Variation of the hourly averaged vertical perturbation drift velocities
(positive upward) for changes in the AE index in the 0200-0500 local time sector.
The number of points averaged for each point is also shown.

turbations with the same amplitude but opposite sign. Figure 4.16 provides experimental evidence for this symmetric response, which is also a property of global
convection models (e.g., the RCM) when steady-state electrostatic potential effects
are neglected. Shown are hourly averaged vertical perturbation drift velocities associated with prompt penetration electric fields as a function of the corresponding
changes in the AE indices in the postmidnight sector. The straight line indicates
the results from a least squares fit to the averages.
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Theoretical models also indicate that the time constants for the buildup and
decay of electric field perturbations associated with sudden increases and decreases
(undershielding and overshielding conditions, respectively) are comparable. These
results have been thought to be inconsistent with equatorial observations, which
typically show larger and longer lasting velocity perturbations following sudden
decreases in convection (or large IMF B 2 northward turnings) than after identical
sudden convection increases [e.g., Kelley et al., 1979; Fejer, 1986]. Fejer et al.
[1990a] suggested that the larger and longer lasting equatorial perturbations under
overshielding conditions could be explained by the combined effects of fossil wind
and magnetic reconfiguration. Our study, however, shows that this asymmetrical
equatorial response can be largely accounted for by disturbance dynamo drifts.
Although fossil wind and magnetic reconfiguration effects do not seem to play a
dominant role on prompt penetration equatorial electric fields in general, our results
do not rule out their possible importance under very large and fast magnetic quieting
conditions.
As mentioned earlier, our empirical model based on the AE index does not
take into account some potentially important processes and averages out the effects
of a number of ionospheric and magnetospheric parameters that should play impor
tant roles on the magnitude and phase of the electric field perturbations and on the
shielding time constant. For example, model results presented by Sakharov et al.
[1989] suggest that IMF B y might cause large changes in the prompt penetration
equatorial zonal electric field pattern. Preliminary examination of our data suggests
that for large IMF By values both the prompt penetration and the disturbance dy
namo patterns might differ significantly from our average results. A comprehensive
study of these additional processes will require a significantly larger database.
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4. 7

Case Studies
In this section, we present several examples of equatorial vertical drift pertur

bations. We will first show one example that illustrates the complex interplay of

different disturbance drift processes, then two particular storms that highlight the
long-term disturbance dynamo effects, and finally additional examples that illus

trate the occurrence of different disturbance drift processes and the limitations of

our empirical models.

Figure 4.17 shows an example of our data and model results during a storm

period when the equatorial plasma drifts exhibit a complex interplay of prompt pen

etration and short- and long-term disturbance dynamo electric fields. The upper

panel presents the AE indices for this period, the center panel gives the prompt
penetration and disturbance dynamo drift components derived from our high time

resolution model, and the lower panel presents the data, the quiet-time model, and

the results from the superposition of the quiet-time pattern and the perturbation

components. During this period, the disturbance drifts had small amplitudes un

til about 0230 LT although the AE indices showed moderate geomagnetic activity.

After about 0300 LT, the prompt penetration drifts were initially downward and

later upward; when combined with the disturbance dynamo drifts, they produced

large upward velocity perturbations between about 0330 and 0530 LT. The large

late-night upward drifts led to the generation of equatorial spread-F over an increas

ing range of heights sampled by the radar, which initially contaminated and later

precluded further incoherent scatter radar measurements until sunrise.

Figure 4.18 shows the auroral and equatorial measurements for the storm

period of August 1972 together with the calculated disturbance dynamo and prompt

penetration drift components in the bottom panel, and the average quiet-time and
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Figure 4.17. Top panel: auroral electrojet indices. Middle panel: calculated
prompt penetration (solid line) and disturbance dynamo (dashed line). Lower panel:
measured (thin solid line), average quite-time (dashed line), and model vertical drifts
obtained by adding the average quiet-time and the perturbation drifts (thick solid
line).
model predictions obtained by adding the perturbation and quiet-time drifts in

the center panel. The disturbance dynamo mechanism gives rise to perturbation

drifts with time constants of a few hours following large enhancements in the high

latitude current system. For the storm period shown in Figure 4.18, our empirical

storm-time model can explain the large and long-lasting nighttime perturbations

118
17

23

05

11

17

1500

05

u. T.

11

Aug 8-11, 1972

-S 1000
�

23

500

0+--+--l--+-+--+--+--+----1--+-+----+--+--+--l--+-+-=-+--+--,--+-+----+----l
Jicamarca

en

-

E

o

-....

20

0+----H----+H-+-11-tt-++----..,..C.----+----+-1--.-------.

cu
c.,
Q)

>

-20
20

,.'\,

'

fi\ -. ,_'-~ ,/ ~/\ .
JV\ ,,-J\ ·,~,,
-E
o��.-.-----=e�>rrt--+r--:�--�r:-,�-,--A-,-'--,�N+ti
V
,

en

"

v~ ~ {-,'

V

-c:,

>

-20
12

18

I

l

I

00

I

,

VL...J----'----'----'_Jl----'
'
06

12

"CIC.>v

V

. , ..

'----''--'-' --'---'--

18

00

06

LT

Figure 4.18. Auroral electrojet indices (top panel); measured (thin solid line),
quiet-time(dashed line), and empirically modeled (thick solid line) vertical plasma
drifts over Jicamarca (center panel); and the prompt penetration (solid line) and the
disturbance dynamo (dashed line) components of the vertical plasma drifts (bottom
panel) for August 8-10, 1972. The modeled vertical drifts shown in the center panel
were obtained by adding the average quiet-time and the perturbation drifts.

on August 9-10, when the auroral indices indicated only very modest geomagnetic
activity. This large departure from the quiet-time pattern is due entirely to long
term disturbance dynamo drifts resulting from the large energy deposition into the
high-latitude ionosphere about a day earlier. The large perturbation drifts between
about 0100-0500 LT on August 9, when the AE indices showed large variations, were
due to the combined effects of prompt penetration electric fields and short-term (1-6
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Figure 4.19. Same as Figure 4.18, but for the February 11-13, 1969 period. Notice
that the negative daytime vertical drifts on February 12 occurred during a geomag
netically quiet period.
hours) disturbance dynamo effects.

F igure 4.19 presents an additional example of equatorial plasma drifts during

a period when very large auroral disturbances were immediately followed by very

quiet geomagnetic conditions. In this case, large depressed daytime drifts were

observed during the morning of February 12. This anomalous electric field pattern
has been attributed to disturbance dynamo effects by Fejer et al. [1983]. Our model

confirms this interpretation although it underestimates the measured perturbations
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by a factor of about 2, which reflects the large variability of the efficiency of the
long-term dynamo electric fields shown in Figure 4.10.
Figure 4.20 shows the high-latitude and equatorial data and the model results
during an extended period of magnetic activity in May 1969. In this case, large
upward and downward velocity perturbations were observed in the postmidnight
sector ( about 0100-1200 UT) on May 15. The upward velocity perturbations be
tween 0300-0500 UT, which were not reproduced by the model, were most likely due
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to prompt penetration eastward electric fields. There are two possible explanations

for the absence of large upward velocity perturbations in the model drifts during
this period. First, the AE indices shown in the top panel in Figure 4.20, and used
in our model, do not indicate the occurrence of a large increase followed by a de
crease in the intensities of the high-latitude ionospheric currents during this period,

which, according to our model, would produce the observed drift variation. Second,

even if such a change in AE had occurred (and was missed as a result of the small

number of stations used to obtain these AE indices), it would not explain the large

measured perturbations since our empirical model (and also the theoretical convec

tion models) predicts relatively weak zonal prompt penetration electric fields in the
2000-2400 LT sector (see Figure 4.14). Another example of a large amplitude, short

time-scale upward velocity perturbation near the midnight sector, which cannot be

explained by our model, was shown in Figure 4.18. Gonzales et al. [1979] showed

that this large upward velocity perturbation at about 0400 LT on August 9 was

indeed associated with a prompt penetration event. These results highlight the fact
that since our empirical model uses the AE index as the high-latitude disturbance
parameter, it can explain prompt penetration electric fields resulting predominantly

from changes in the high-latitude convection. They also support earlier suggestions

that prompt penetration electric fields can also result from other high-latitude or

magnetospheric processes not currently included in the model.

Figure 4.20 also shows large prompt penetration and disturbance dynamo

drift perturbations in the postmidnight sectors. The perturbation drifts between

about 0030 and 0600 LT on May 14 are partially reproduced by the model and
explained as due to disturbance dynamo electric fields. For May 15, the model

results indicate comparable prompt penetration and disturbance dynamo drifts of
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Figure 4.21. Same as Figure 4.18, but for the disturbed period of Kovember 12-14,
1974.
opposite signs between about 0300 and 0600 LT. In this case, the model provided the

correct timing of the prompt penetration drifts but underestimated the magnitudes.

Notice that a slight change in the timing of large and rapid AE changes and/or a

shift of the disturbance dynamo pattern in the postmidnight sector can sometimes

affect significantly the amplitudes of the predicted drift perturbations. We should
also keep in mind that the Jicamarca measurements usually have a higher time

resolution than the model. Figure 4.21 presents drift measurements and model

results for another period of extended geomagnetic activity. This example illustrates

the generally fair to good agreement between the model results and the data.

We now examine further the properties of the electric field perturbations and
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the limitations of the model resulting from the use of our AE indices as the in

put parameter. Figure 4.22 presents the interplanetary magnetic field (IMF) data,

the auroral AU, AL, and AE indices, and equatorial vertical drifts during a period

of long-lasting magnetic activity when large daytime drift perturbations were ob

served. On March 7, the data exhibit large upward drifts followed by two downward

perturbations. On the following day, magnetometer data from Huancayo, Peru,

show the occurrence of a large eastward current perturbation in the equatorial elec

trojet at about 0900 LT followed by a large westward perturbation at about 1000
LT [Fejer, 1986]. These signatures are indicative of large upward and downward

F-region vertical plasma drifts, respectively. The Jicamarca radar observed a large

upward perturbation at 1300 LT on March 8, consistent with the magnetometer

data. Most of the upward (downward) perturbations observed during this period
were associated with southward (northward) changes in B z , as is often the case
[e.g., Fejer, 1986]. The model results for March 7 indicate downward drift perturba

tions only at about 1100-1200 LT. The absence of a noticeable downward velocity

perturbation at about 1400-1500 LT is a result of the small amplitude of prompt
penetration electric fields driven by convection changes in the afternoon sector (see

Figure 4.14). These and other observations of large vertical drift perturbations in

the afternoon sector [e.g., Fejer, 1986] suggest that the shielding between high- and

low-latitude electric fields can sometimes be considerably weakened and/or that the

potential pattern equatorward of the shielding layer can undergo large changes. Re

cent RCM studies also suggest the occasional occurrence of very weak shielding [R.
Wolf, private communication, 1997].

The model predicts large upward and downward perturbations consistent with

the data for March 8, but it underestimates the amplitudes between about 1100-
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1600 LT. This can probably be attributed to a large underestimate of the polar
cap potential drop as a result of a large equatorward motion of the auroral zone.
Notice, for example, the negative values of the AU indices at about 1400-1500 LT.
This shows that the accurate description of the state of the high-latitude currents
is essential for accurate predictions of the ionospheric disturbance electric fields.
The examples above illustrate the general agreement between the model re
sults and observations and have also highlighted some of the difficulties introduced
by the use of the AE index, which does not account for some important disturbance
processes. One such case is that of January 12, 1988, when large high-latitude cur
rent disturbances were associated with the passage of a magnetic cloud. In this
case, our model calculations predict large nighttime equatorial upward velocity per
turbations a day after the large auroral effects but the Jicamarca observations did
not show noticeable disturbances. However, even when the disturbance processes
are correctly modeled, disagreement between measured and modeled drifts can still
occur as a result of our use of average quiet-time drifts, which do not account
for day-to-day variability of the low-latitude ionospheric dynamo. This variability
is particularly severe near solar minimum and December solstice ( see Chapter 3).
Therefore, our model results have the largest uncertainties under these conditions.
Figure 4.23 shows measured drifts and model results during a moderately disturbed
solar minimum period that was preceded by 2 days of very low geomagnetic ac
tivity. Although the model results underestimate the perturbation drifts, the large
disagreement between the daytime measured and modeled drifts is most likely due
to the considerably weaker electric fields driven by the low-latitude wind system
during this period compared to the average values. In fact, for low solar-flux condi
tions, the large day-to-day variability of the undisturbed wind dynamo is the main
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challenge for the development of realistic low-latitude ionospheric predictive models.
The examples above indicate that the disturbance drift pattern can depart
from those presented earlier as a result, for example, of the rotation of the potential
pattern equatorward of the shielding layer and also of large longitudinal changes in
the high-latitude energy deposition sectors. We reiterate that our empirical model
corresponds to the average conditions that characterize our database. The main
limitations result from crude parametrization of the Joule heating at high latitudes
and from the day-to-day variability of the quiet-time ionospheric dynamo electric
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fields. The detailed study of these and other important additional effects will require
a larger database than presently available.
In summary, we have described a methodology for the study of the storm
time dependence of electric field (plasma drift) disturbances. In this approach, we
determine initially the perturbation drifts by subtracting the seasonal and solar
cycle effects. These perturbation drifts are then related to the time history of the
AE index, which can be easily related to both the polar cap potential drop and the
hemispheric energy input into the high-latitude ionosphere. We have determined
the average characteristics of the equatorial vertical plasma drifts driven by the
prompt penetration and the ionospheric disturbance dynamo electric fields
We have also derived an empirical analytical model for the equatorial pertur
bation drifts using a time series of the AE index as input parameter. The results
of this model are in excellent agreement with those of global convection models
and the Blanc-Richmond disturbance dynamo model. Case studies often indicate
good agreement between model predictions and observations but also confirm that
additional effects need to be taken into account for more accurate predictions.
In the following chapter, we will derive similar expressions for the zonal per
turbation drifts from low to mid latitude.
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CHAPTER 5
LOW- AND MID-LATITUDE IONOSPHERIC DISTURBANCE
PLASMA DRIFTS
We have seen in the last chapter that disturbance zonal electric fields (vertical
plasma drifts) originate at the geomagnetic equator predominantly from prompt
penetration and disturbance dynamo electric fields. In this chapter, we study dis
turbance meridional electric fields (zonal plasma drifts) from low to mid latitudes.
We will use zonal ion drift meter data measured onboard the DE-2 spacecraft from
20 ° to 60 ° invariant latitude, as well as ground-based incoherent scatter radar zonal
drift observations from Jicamarca, Arecibo, and Millstone Hill. These data sets
have been described in Chapter 3. We have also used radar observations of the
perpendicular/northward plasma drift component from Arecibo and Millstone Hill
to determine their storm-time signatures, but these results were not conclusive and
will not be presented here. It is expected that in the next few years as additional
drift observations will become available (including some older data sets), they will
hopefully provide a better determination of the storm-time signatures of this drift
component.
In this chapter, we will present the first study that separates the effects of
short- and long-lived zonal drift perturbations at low and mid latitudes and present
analytical empirical models for the representation of these perturbation drifts. Vve
will initially concentrate on our satellite drift data set and largley follow our initial
analysis of equatorial vertical drifts presented in Section 4.3. The resulting storm
time dependent zonal plasma drift patterns will be compared with predictions from
the Rice Convection and the Blanc-Richmond disturbance dynamo model. We will
also show that at mid latitudes the magnetospheric dynamo also contributes through
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the steady-state leakage of high-latitude electric fields to lower latitudes. This dis

turbance component is important for the understanding of mid-latitude plasma drift

observations. Finally, our storm-time satellite and radar results will be compared.

5.1

Satellite Data Analysis

In Chapter 3 we have studied the seasonal and solar cycle dependence of the

low- and mid-latitude ionospheric plasma drifts. We have also presented the average
quiet-time drift patterns determined from radar observations in the American sector,

and also the quiet-time latitudinal zonal drift profiles based on DE-2 observations.

These quiet-time patterns generally correspond to a height of 300 km and to an
average magnetic activity level of about 130 nT. In analogy to our equatorial study

presented in Chapter 4, we use these climatological patterns to extract the average

geomagnetic perturbation drifts out of our drift data sets.

The normalization scheme developed for the DE-2 zonal drift observations is

illustrated in Figure 5.1. The top panel shows the history of the auroral electrojet

indices for this particular time.

Torbit

indicates the time of the equatorial crossing

of the satellite. The middle panel shows IDM observations from 20° to 60° invariant

latitude during a large storm on June 12, 1982. These data and the hourly quiet

time pattern for the same season and solar flux were mapped to a reference height of

300 km, as described in Chapter 3. The bottom panel shows the drift perturbations

obtained by subtracting the quiet-time values from the observation. As mentioned
earlier, the resulting perturbation drifts correspond to different levels of magnetic

activity, as defined by the AE index, and also include effects from the day-to-day

and, in these satellite studies, longitudinal variability of the ionospheric drifts. The
shaded area, poleward of about 50 ° invariant latitude, indicates the high latitudes

during this pass that have been excluded from our analysis. The approximate
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Figure 5.1. AE indices, measured and averaged zonal drifts mapped to a reference
height of 300 km, and perturbations drifts obtained by subtracting the average from
the observed velocities shown in the center panel. The shaded area indicates the
high-latitude region excluded from our study during this period.
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location of this boundary depends on the level of geomagnetic activity and has
been derived by the following expression:
Ab ( 0 ) = 63.5° - 2.0° · Kp*

(5.1)

Here, Ab is the boundary position and Kp* is the maximum Kp value over the previ
ous 6 hours. Equation 5.1 approximately corresponds to the maximum equatorward
extension of the low-latitude convection boundary of Heppner and Maynard [1987],
which was also derived from DE-2 observations. Although their boundary location
is local time dependent, we have used a diurnally fixed value in order not to bias the
latitudinal/local-time statistics of our data set. This exclusion of high-latitude drifts
is not optimum for every case and might result in some contamination of auroral
effects in our drift data set. However, a more stringent criterion would have limited
the statistics of our perturbations drifts and we decided instead to limit the pertur
bation drifts on values smaller than 150 m/s, to further minimize the inclusion of
auroral drifts in our data set.
Additional restrictions on the satellite data set, which have been discussed in
Chapter 3, included that the ion concentration, obtained by the retarding potential
analyzer, exceed 2· 104 cm- 3, and that the satellite measurements be obtained at
altitudes between 280 and 800 km.
The general procedure we have used for the study of disturbance electric fields
and the limitations of our disturbance parameter (AE index) were described in the
last chapter. Since our average quiet-time drifts correspond to an AE index of about
130 nT, we have again studied the disturbance drifts (drift value after subtracting
the quiet-time value) as a function of AEd =AE-130 nT for positive values of this
parameter, as well as a function of changes in the AE indices. In this study, we have
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also neglected any longitudinal dependence of the perturbation drifts and, therefore,
present zonally averaged storm-time patterns.

5.2

Results
In this section we will first describe the empirical zonal drift models we have

developed for the description of the perturbations drifts and then compare the results
with predictions from theoretical models. Here, we will initially focus on the effects
of prompt penetration electric fields and later on the time-delayed longer lasting
disturbances.

5.2.1

Storm-Time Zonal Perturbation Drift Models
We have seen in Chapter 4 that storm-time equatorial vertical plasma drifts

can be well reproduced in terms of prompt penetration and disturbance dynamo
effects. Here, we will use a similar approach to model the storm-time zonal plasma
drifts from low to mid latitudes. Although these models will be less detailed than the
equatorial vertical drift model, they enable us to separate the effects of initial and
time-delayed disturbances and to study their basic signatures. These models will be
comparable in time resolution to our initial representation for the equatorial vertical
drifts, which was presented in Section 4.3. The effects of prompt penetration electric
fields on the zonal drifts will be described in terms of changes in the hourly AE index,
and the effects of the delayed longer lasting disturbance drifts are represented by
average auroral electrojet indices above our quiet-time level (130 nT) over the past
9 hours. The choice of a time delay of 9 hours is somewhat arbitrary but will allow
us to compare our results with those of the disturbance dynamo model of Blanc and

Richmond [1980].
We have combined drift data from both hemispheres and separated them into
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10° overlapping latitudinal stripes from 20° to 60° invariant latitude. For each latitu
dinal range, the longitudinal average storm-time zonal drifts can than be expressed
as:
v(t,A) =

L

i=l

[ai,1(A) b..AE(t - 30min) + ai,2(A) b..AE(t - 90min)
(5.2)

The model is based on six normalized cubic B-splines of order four to describe
the local time dependence. Note that our Jicamarca vertical drift model was based
on 9 spline functions. Six nodes were placed in equally spaced local time intervals
at 0,4,8, .. ,20 hours. The model coefficients a(A) are given in Table 5.1 and were
obtained by a least squares fit to all data in our 10° latitudinal bins. Each bin
contained more than 40,000 data points.
These analytical models allow for a separation of prompt penetration and
longer lasting time-delayed electric field effects. The first two terms under the
summation in Equation 5.2 can be associated with prompt penetration electric fields
at time t and are related to changes in the AE indices with average time delays of
30 and 90 minutes, where

6.AE(t - 30min)

AE(t) - AE(t - lhr)

6.AE(t - 90min)

AE(t - lhr) - AE(t - 2hr)

(5.3)

The last term represents longer lasting disturbances. Figure 5.2 shows zonal plasma
drift perturbations obtained from our model representation in the latitudinal range
from 35° to 45° invariant latitude. The perturbation drifts in the top panel are
associated with prompt penetration electric fields 30 and 90 minutes after a step
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Table 5.1.

Coefficients for the Zonal Disturbance Satellite Models

Latitudinal Range
°
°
°
°
°
20
B Spline
-30 25 -35 30 -40 ° 35° -45° 40° -50° 45° -55 ° 50 ° -60°
ai,1
N14'
N2,4
N3,4
N44
Ns4
N5'4

-0.0128
-0.0177
-0.0612
-0.0389
0.1054
-0.0209

-0.0142
-0.0190
-0.0635
-0.0350
0.0694
0.0001

-0.0100
-0.0400
-0.0555
-0.0567
0.0378
0.0213

-0.0189
-0.0495
-0.0750
-0.0493
-0.0170
0.0612

-0.0216
-0.0716
-0.0980
-0.0244
-0.0530
0.0940

-0.0084 0.0068
-0.1061 -0.1263
-0.1155 -0.1439
-0.0047 0.0159
-0.0485 -0.0402
0.1021 0.0984

ai,2
N14'

N2,4
N34
N4'4
Ns,4

N6,4

-0.0033 0.0023 0.0137 0.0222 0.0214
-0.0280 -0.0196 -0.0250 -0.0300 -0.0220
-0.0046 -0.0095 -0.0125 -0.0224 -0.0419
-0.0640 -0.0478 -0.0362 -0.0308 -0.0336
0.0390 0.0114 -0.0101 -0.0504 -0.0847
0.0032 0.0069 0.0107 0.0317 0.0507

0.0323
-0.0281
-0.0528
-0.0570
-0.0877
0.0355

0.0519
-0.0424
-0.0635
-0.0835
-0.0698
0.0061

ai,3
Ni 4
N2,4
N34
N4,4
N;:,, 4
N54

-0.0123
-0.0116
0.0375
-0.1637
-0.0570
-0.0156

-0.0226
-0.0125
0.0083
-0.1439
-0.0931
-0.0216

-0.0197
-0.0213
0.0018
-0.1169
-0.0858
-0.0349

-0.0110
-0.0357
-0.0119
-0.1071
-0.0586
-0.0338

-0.0013
-0.0539
-0.0392
-0.1272
-0.0338
-0.0126

0.0119 0.0255
-0.0599 -0.0577
-0.0772 -0.1050
-0.1670 -0.2275
-0.0143 0.0067
0.0155 0.0324

function increase in the AE index by 400 nT over our quiet-time value. These
drifts are eastward in the morning sector and westward at other local times. With
increasing storm time, here from t+30 minute to t+90 minute, their amplitudes
generally decrease. The bottom panel of Figure 5.2 shows the drift perturbations
associated with the longer lasting and delayed disturbances. The response is shown
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Figure 5.2. Results of our empirical model for the latitudinal sector from 35 ° to
45 ° invariant latitude.

after 9 hours of enhanced auroral activity with AE indices of 400 nT above our
quiet-time level. At this latitude, the drift perturbations associated with these long
lasting disturbances have large westward amplitudes during the night and smaller
magnitudes during the day. In the following, we will study the initial and time
delayed drift perturbations in more detail and compare their signatures with those
of theoretical models.
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vertical bars represent the standard deviation and the solid curve indicates the
velocity pattern determined from an analytical model.

5.2.2 Initial Time Response
A typical example of the initial time response at mid latitudes, mostly associ
ated with prompt penetration electric fields, is shown in Figure 5.3. The data points
are obtained by averaging the satellite perturbation drifts in the latitudinal range
from 40 ° to 50° invariant latitude when the hourly AE index increased by more
than 100 nT. In this case, the average increase was 213 nT. The error bars indicate
the scatter in the data and are associated with our binning criteria, and also with
day-to-day and longitudinal variability. The drift perturbations, associated with
this initial time response, are westward (southward electric field) during the night
and in the afternoon and eastward (northward electric field) from about dawn to
noon. The solid curve indicates the velocity pattern obtained from our empirical
model for these conditions.
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Figure 5.4. Comparison of the initial time-response patterns for an invariant lati
tude of approximately 55° obtained from our empirical satellite model (solid curves)
and from the Rice Convection Model (dashed curves) for a sudden increase in the
polar cap potential drop of 33 kV.
Figures 5.4 to 5.6 compare the initial time response at 55° , 45° , and 35° in

variant latitude, respectively, obtained from our study following a sudden increase

in the hourly AE index by 400 nT (6.<I>

= 33 kV)

with results from the Rice Con

vection Model [Spiro et al., 1988; Fejer et al., 1990a] 30 and 90 minutes after the

change in AE. The RCM patterns shown in Figure 4 of Fejer et al. [1990a] include

a small steady-state electric field component generated by the quiet-time potential

drop of 45 kV across the polar cap. In our analysis, we eliminated this electric field
component from our data set when we subtracted the average quiet-time pattern.
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Figure 5.5. Same as Figure 5.4, but for A = 45 ° .

Consequently, we systematically subtracted from the prompt penetration responses
shown in Figure 4 of Fejer et al. [1990a] also the electric field response to a steady

45 kV potential drop across the polar cap [B.G. Fejer, unpublished data], and have
scaled the resulting electric fields linearly down to a potential change of about 33
kV, corresponding to an increase in the auroral electrojet index by 400 nT. In this
case, we have again used the relationship between the polar cap potential drop and
the AE index derived by Ahn et al. [1983] (Section 4.2). Finally, we have converted

the RCM electric fields to plasma drift velocities. At 55° , 45 ° , and 35° invariant
latitude, lmV/m corresponds approximately to plasma drift velocities of 22, 25,
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and 27 m/s, respectively. Although the use of hourly averages does not allow us

to match exactly the timing of the model results, it is clear that the experimental

and theoretical results are in good agreement. The largest discrepancies are found

in the dusk sector, where the RCM typically predicts smaller perturbation drifts.

The reversal times in the satellite patterns generally occur 30 to 90 minutes later

than in the RCM predictions. For the latitudinal range from 40 ° to 50 ° invariant

latitude, we were able to increase the time resolution of our model to 15 minutes,
which leads to a better agreement in the reversal times.

In the RCM, the largest latitudinal changes in the meridional electric field
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component (zonal plasma drift) occur in the dusk-midnight sector and are smallest
in the predawn sector. Using the earlier mentioned relationships between electric
fields and plasma drifts, we find that the ratios of the peak morning and afternoon
electric fields at invariant latitudes of 55 ° , 45 ° , and 35 ° are 2.3 : 1.8 : 1, and 2.4 : 1.6
: 1, respectively, basically independent of the given local time sector. Mozer [1970]
pointed out that the meridional component of a uniform dawn-to-dusk electric field
in the equatorial plane would vary as 21(1-3/4) 1 12 for equipotential centered dipole
geomagnetic field lines. This relationship gives a variation of the electric field from
55 ° to 45 ° to 35 ° invariant latitude of 3.5 : 1.7 : 1. These theoretical values of the
latitudinal variation of the meridional electric fields are in fair agreement with our
empirical results.
The current parametrization of prompt penetration electric fields in Equation
5.2 assumes a symetric electric field response due to symetric increases and de
creases in the polar cap cross potential. Unfortunately, the current parametrization
of the time-delayed perturbations does not allow for an inspection of this assump
tion. Nevertheless, our equatorial vertical drift analysis, as well as theoretical global
convection models, supports the assumption of a symetric response, at least on the
average.
5.2.3 Time-Delayed Response
Figure 5.7 shows hourly averaged time-delayed perturbation drifts in three in
variant latitudinal sectors from 20 ° to 30 ° , 35 ° to 45 ° , and 50 ° to 60 ° . The values
were obtained from our satellite data set by averaging the perturbation velocities
from all longitudes when the average AEd(l-9hour) was above 250 nT. In this case,
the average AEd was about 400 nT. Using the average over 9 hours of past AE in
dices does not correspond exactly to a storm time of 9 hours; instead, drift responses
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Figure 5. 7. Longer lasting zonal plasma drift perturbations in three latitudinal sec
tors from low to mid latitudes. The dots indicate the average perturbation velocities
obtained by binning the data. The vertical bars are the standard deviations and
the solid curves indicate the perturbation patterns determined from our analytical
models.
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corresponding to different storm times ranging from about 3 to more than 10 hours
are averaged, which is indicated in the top panel of Figure 5.7 by the shaded area.
The perturbation drifts associated with this long-term response are westward at
almost all latitudes and all local times and have their largest amplitudes at mid
night with values of about 40 to 50 m/s. During daytime we find small eastward
perturbations in the prenoon sector at mid latitudes and even smaller values in the
postmidnight to dusk sector at low latitudes. At invariant latitudes between about
35° and 45° , the drift perturbations are always westward. It is interesting to note
that the perturbation pattern seems to shift in local time with decreasing latitude
with slightly varying amplitudes. The error bars shown in Figure 5. 7 represent the
standard deviation and mostly result from day-to-day and longitudinal variability
of the ionospheric dynamo not associated with the high-latitude current conditions
(see Chapter 3), and also from our binning criterion. The drift perturbations associ
ated with the initial time response average out in our long-term disturbance pattern
(the average change in AE is about zero) but increase the scatter in the data. It is
also important to note that our perturbation drift patterns correspond to the aver
age geophysical conditions of our data set. Variations in the disturbance patterns
due to different values of B y as well as AL/AU ratios and also to possible seasonal,
solar cycle, and longitudinal variations of the perturbation drifts will also increase
the scatter in the data. The solid curves, obtained from our empirical storm-time
dependent models (Equation 5.2), are in good agreement with the observations.
Figure 5.8 also illustrates the generally westward direction of the perturbation
drifts with largest values at night. These long-term zonal perturbation drift veloc
ities were obtained from our satellite models for an idealized high-latitude energy
input corresponding to 400 nT above our quiet-time level over a time period of 9
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Figure 5.8. Zonal plasma drift perturbations obtained from our empirical satellite
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shown for an activity level of --100 nT over our quiet-time level over a time period of
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hours and were linearly interpolated in latitude to obtain a smoother latitudinal
variation of the perturbation drifts.
In the last chapter, we have seen that the long-lasting, time-delayed vertical
drift perturbations at the equator are due to the dynamo action of storm-time winds
and found good agreement between our empirical results and the drift perturbations
predicted by the theoretical disturbance dynamo model. We expect that this distur
bance mechanism is also important for the global generation of the long-lasting zonal
drift perturbations. In Figure 5.9 the comparison of long-term predictions from our
satellite model and from the theoretical disturbance dynamo model of Blanc and
Richmond is shown after 9 hours of enhanced auroral activity at an average invari
ant latitude of 45 ° . The activity level is 400 nT, which is about 8 times smaller
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than the level used by Blanc and Richmond. Therefore, their results were linearly

scaled down by this factor. We can see that at this latitude both models consistently

predict westward perturbations but with significantly different magnitudes. We find

large discrepancies during daytime, where the empirical model only predicts small

perturbations. At night the empirical model predicts significantly larger drift per

turbations. As mentioned, the theoretical model is nonlinear and our scaling could

have introduced some of the observed discrepancies. But more likely the observed
differences are due to an additional source of storm-time perturbation electric fields,

the steady-state leakage of high-latitude electric fields to mid and low latitudes dur
ing disturbed conditions. Theoretical models [Senior and Blanc, 1984; Spiro et al.,

1988] suggest that the local time characteristic of the steady-state leakage is similar

to the prompt penetration electric field pattern for an increase in the cross polar cap
potential, but with smaller amplitudes. The observed differences between the em

pirical and the theoretical models indeed resemble this local time characteristic and

it is tempting to associate them with the steady-state electric fields. We have tried

to decouple the perturbation drifts resulting from the disturbance dynamo process

and from the steady-state leakage of high-latitude electric fields, but uncertainties

in the choice of the appropriate parametrization for this storm-time component led

to only an incomplete separation. Detailed theoretical and numerical simulations of

the steady-state leakage of high-latitude electric fields towards the lower latitudes
are needed for a better understanding of our mid-latitude observations.

5.3

Comparison of Satellite and
Radar Results

As mentioned before, we have also used radar observations from the Ameri

can sector to study the storm-time zonal plasma drifts. Currently, these additional
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observations are rather limited in number and this study will not extend, but will
confirm our storm-time satellite results. In the future, with more observations avail
able, these radar studies will be very valuable for the determination of the seasonal
and solar cycle variations of the perturbation drifts for which our satellite data set
is not well suited. Our current study can provide a foundation for these further
investigations. Here, we will only describe the currently suitable parametrization of
the storm-time zonal plasma drifts, which will be different for each radar site, and
compare the basic storm-time patterns with our satellite results.
The normalization performed on the radar drifts is similar to that of the
Jicamarca vertical drifts presented in Chapter 4. In this case, however, our low
to mid-latitude quiet-time drift patterns are less detailed (due to the smaller data
bases) and also correspond to a time resolution of only 1 hour.
For Millstone Hill (A = 54° ), which during large nighttime storm periods can
be in the auroral zone, we have also used Equation 5.1 to exclude high-latitude drifts
from our analysis. For the representation of the storm-time zonal plasma drifts from
this site, we have used the same basic spline functions and storm-time parametriza
tion as in our satellite study. Here, the model coefficients correspond, of course, to
a fixed latitude of A= 54° . Wand [1981] has used Millstone Hill observations from
May 1976 to November 1977 and analytically modeled the plasma drift response to
magnetic disturbances, represented by the Kp index. This study also used normal
ized cubic-B spline functions to specify the daily variations and gave us the initial
idea for their use. Although their model represents the average disturbance drifts
over Millstone Hill fairly well, it is not able to separate the effects of prompt and
time-delayed longer lasting disturbances. This is the major improvement of our
Millstone Hill drift representation presented below.
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For the storm-time zonal plasma drifts at Arecibo (A = 35° ), we have only

used one parameter to describe the effects of prompt penetration electric fields.

Here, we have used the hourly change in AE corresponding to an average time delay

of 30 minutes. Small changes in the fitting procedure led to significant changes in

the response corresponding to a time delay of 90 minutes, so that we decided not to

include this parameter into our fitting scheme. Therefore, our Arecibo storm-time
zonal drifts can be expressed as:
6

v(t) = 2)ai,1 �AE(t - 30min)
i=l

+

ai,3 AEd(l-9hr)] Ni,4(t)

(5.4)

At Jicamarca the use of auroral electrojet indices was not appropriate for

a representation of the storm-time zonal plasma drifts due to the relatively small

number of observations particularly in the postmidnight sector. Instead we have
used the Kp index, which allows us to include all available observations until 1992.

In our analysis we have used an average over the past 9 hours of Kp indices above

a quiet-time value of about 1.5. The Jicamarca storm-time zonal drifts are then

simply expressed as:

v(t)

=

6

I)ai,3 Kpd(l-9hr)] Ni,4(t)

i=l

(5.5)

The use of the Kp index, which is available with a time resolution of only

3 hours, does not allow for a separation of initial and time-delayed drift perturba

tions and this plasma drift representation will only provide an average perturbation
pattern composed of the effects of the different perturbation mechanisms.

The model coefficients for the radar data sets were again obtained by a least

squares fit to the entire data sets and are given in Table 5.2.

F igure 5.10 shows the comparison of the radar and the satellite initial time

responses obtained from our models for a step-like change in the hourly AE index
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Table 5.2. Coefficients for the Zonal Disturbance Radar Models

Arecibo

Millstone Hill

Jicamarca

B Spline

ai,l

ai,2

ai,3

ai,l

ai,3

ai,3

N14

-0.0188
-0.0473
-0.1717
-0.0003
-0.0211
0.0849

0.1049
-0.0775
-0.1318
-0.0565
-0.0470
-0.0152

-0.0341
-0.0683
-0.2100
-0.1242
-0.0611
0.0404

-0.0384
0.0001
-0.0370
-0.0487
-0.0466
0.0578

0.0053
0.0110
-0.0139
-0.0674
-0.0842
-0.0258

0.0158
-0.0053
0.0510
-0.1126
-0.0666
0.0258

N24
N34

N44
N-4
->,

N54

by 400 nT. In the two top panels the comparison of the satellite and the Millstone
Hill model are shown 30 and 90 minutes after the storm onset. The satellite model
used for this comparison corresponds to the invariant latitudinal range from 50°
to 60° , approximately centered about the latitude of the Millstone Hill radar site
(A � 54° ). Both models are in good agreement in both phase and amplitude. The
largest drift perturbations, associated with a storm time of 30 minutes, are found
in the dusk sector with values of 50 to 60 m/s to the west at this latitude. During
the morning the perturbations are smaller and to the east with values of about 20
to 25 m/s. The reversal from the westward to the eastward motion occurs at about
0400 LT and the return to the westward direction occurs near noon. One hour
later, at a storm time of 90 minutes, the perturbation amplitudes have generally
decreased and have values of about 30 to 35 m/s during the late afternoon and night
and 10 to 20 m/s around noon. In the midnight to dawn sector, the perturbation
drift amplitudes have actually increased from about 10 m/s to about 30 m/s. The
reversal times have also been shifted towards later times by about 2 to 4 hours.
The comparison of the satellite model 30 minutes after the increase in the
AE index with the Arecibo (A � 35° ) model is shown in the bottom panel of
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Figure 5.10. Comparison of the initial time responses obtained from our empirical
satellite ( solid lines) and radar ( dashed lines) storm-time models for an increase
in the hourly auroral electrojet index by 400 nT. The two top panels show the
responses 30 and 90 minutes after the storm onset at Millstone Hill (A � 54 ° ) and
in the latitudinal range from 50 ° to 60° invariant latitude. The bottom panel shows
the responses at Arecibo (A � 35° ) and in the latitudinal range from 30 ° to 40 °
invariant latitude 30 minutes after the storm onset.
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Figure 5.10. Here, we have used the satellite model corresponding to 30 ° to 40 °
invariant latitude. In this latitudinal sector, the perturbation drifts at a storm time
of 30 minutes have typical westward drift amplitudes of 10 to 20 m/s from the late
afternoon until about midnight and eastward values of about 10 m/s around dawn.
The reversal from the eastward to the westward direction occurs at around 1030
LT in both models, which is approximately 1 hour earlier than at Millstone Hill.
The reversal time from the westward to the eastward direction shows significant
differences between both models. For our satellite model, this reversal time occurs
at about 0230 LT, whereas for the Arecibo model it occurs 3 hours later. It is not
clear if this inconsistency is the result of the different geophysical conditions to which
both models correspond, e.g., the satellite model resembles a zonal average and
season and local time are locked together, whereas the Arecibo model corresponds
to a fixed location and resembles a yearly average. Another contributing factor
could also be the different parametrization of the prompt penetration electric fields
in both models; the Arecibo model does not account for prompt penetration electric
field effects associated with time delays longer than 1 hour. Clearly more data are
needed to clarify these discrepancies.
Figure 5.11 shows the comparison of the long-term results from our satellite
models with model predictions from our Arecibo and Millstone Hill radar models.
Here again, we have chosen an idealized high-latitude energy input over 9 hours of
400 nT above our quiet-time level. For the DE-2 models, we have used the latitudinal
ranges from 50 ° to 60 ° and from 30 ° to 40 ° for comparison with Millstone Hill and
Arecibo results, respectively. The satellite and radar models are in generally good
agreement and the small observed differences could be indicative of a dependence
of the perturbation drifts on geophysical conditions and/or longitude.
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Figure 5.11. Comparisons of the storm-time zonal perturbation drifts after 9 hours
of enhanced auroral activity obtained from our empirical satellite and radar models.

As mentioned before, we have also studied the zonal perturbation drifts at the
geomagnetic equator using incoherent scatter radar data from Jicamarca, but this
study did not allow for a separation of the different storm-time mechanisms. In
particular, we were not able to separate the initial time response properly from the
long-term effects due to the use of the 3-hour Kp index. Therefore, an exact com
parison with our low-latitude satellite model is not possible but we can compare the
basic disturbance signatures. Figure 5.12 shows the Jicamarca zonal perturbation
drifts after 9 hours of enhanced Kp indices. Here, we have used a Kp value of 3.0
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Figure 5.12. Comparison of the storm-time zonal perturbation drifts from our
low-latitude satellite and equatorial radar models after 9 hours of storm time. The
satellite response results from enhancements in the AE indices of 400 nT above our
quiet-time level, whereas the radar response is driven by an enhanced Kp value of
3.0 above the quiet-time level.
above our average quiet time value of 1.5, which on the average corresponds to an

AE d of about 400 nT for our data sets. The satellite model response is given for

an average AE value of 400 nT above our quiet-time level. Despite all limitations

of this comparison, it is clear that both models are in reasonable agreement. The

comparison also shows that the 3-hour Kp index can serve as a useful parameter for
the determination of long-term perturbations, but does not allow for the separation

of different storm-time processes.
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CHAPTER 6
SUMMARY AND FUTURE WORK
In this Chapter we will summarize our major conclusions and outline sugges
tions for future research activities of the study of ionospheric electric fields.
6.1

Summary and Conclusions

We have presented the first comprehensive study of the equatorial-, low-, and

mid-latitude large-scale ionospheric electric fields (plasma drifts) due to geomag
netic disturbances, using extensive incoherent scatter radar measurements from
Jicamarca, Arecibo, and Millstone Hill, and F-region ion drift meter data from
the polar orbiting Dynamics Explorer 2 satellite. We have initially determined the
diurnal, seasonal, and solar cycle variations of the quiet-time ionospheric electric
fields and developed empirical models for their representation. We have also briefly
addressed the day-to-day variability of the ionospheric electric fields, which is cur
rently not included in our empirical models. This variability depends on a large
number of parameters and, at the equator, also has both a seasonal and solar cycle
dependence. Day-to-day variability is particularly severe near solar minimum.
The major emphasis in this work, however, was the determination of the char
acteristics and temporal evolution of the ionospheric electric fields during geomag
netic active conditions. We have described a methodology for the study of the
storm-time dependence of electric field perturbations and separated, for the first
time, the effects of prompt penetration electric fields and disturbance dynamo elec
tric fields. In this approch, we have initially determined the perturbation drifts by
removing the seasonal and solar cycle effects and studied the residual drift veloci
ties by taking the history of magnetic activity into account. We have used auroral

154
electrojet indices to describe the high-latitude disturbance level, which has been

related to both the polar cap potential drop and the hemispheric energy input into
the high-latitude ionosphere. Finally, we have modeled the perturbation drifts as

a function of a time series of this index. These models are most detailed for the

equatorial vertical drifts, where we realistically modeled the initial, the main, and

the recovery phase of a storm.

We have shown that for an increase in the polar cap potential drop, the equa

torial prompt penetration electric fields are eastward during the day and westward

at night with the largest amplitudes in the postmidnight sector. The time constant

of these electric field perturbations is about 1 hour. These results are in very good

agreement with those from global convection models. There are indications that
under certain conditions (probably high plasma sheet temperatures) the shielding

between the high- and low-latitude ionosphere is considerably weakened. Electric
field leakage also occurs under stationary conditions, but at the equator these elec

tric field perturbations appear to be noticeably weaker than the disturbance dynamo

electric fields, which have opposite polarity and occur at about the same time.

The equatorial vertical plasma drift perturbations associated with enhanced

energy deposition into the high-latitude ionosphere have generally short- and long

term components with time delays of 1-12 and 22-28 hours, respectively. The short
term disturbance dynamo generates upward velocities at night and smaller down

ward velocities during the day, which disappear about 6 hours after geomagnetic

quieting. The short-term disturbance dynamo perturbation velocity pattern is in

excellent agreement with that from the Blanc-Richmond disturbance dynamo model

for a comparable energy input into the high-latitude ionosphere. The long-term dis

turbance dynamo process generates upward velocities at night and downward drifts
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in the sunrise-noon period, but only during geomagnetically quiet periods preceded

by strongly active conditions. There is a complex interplay of disturbance dynamo

electric fields with different time scales and large variability on the efficiencies of the

different dynamo processes. This indicates the likely importance of other parameters
such as the longitudinal distribution of the high-latitude energy deposition.

The equatorial vertical drift model presented in this dissertation can reproduce

fairly well perturbation drifts due to convection changes and disturbance dynamo

effects during and after typical high-latitude disturbance conditions. Case studies
often indicate a good agreement between model predictions and observations, but

also confirm that additional effects need to be taken into account.

Our model

does not properly account for electric fields associated with processes that lead

to a rotation of the high-latitude potential pattern equatorward of the shielding

layer and to weak shielding between the high- and low-latitude electrical circuits.

Our results suggest that additional electric field sources are most important in the

noon-midnight sector during periods of frequent large and short-lived high-latitude

disturbances. The inclusion of these effects and of the longitudinal dependence

of the energy deposition into the high-latitude ionosphere would provide a major
improvement on the representation of the disturbance drifts.

We have used low- and mid-latitude radar and satellite observations to study

the response of the zonal plasma drifts to geomagnetic activity. We have initially

separated the effects of prompt and time-delayed disturbances and studied their
diurnal and latitudinal variations. Next, we have developed empirical models for

the representation of the disturbance drifts based on the same principles used in

our equatorial study. In this case, however, we did not fully resolve the detailed

temporal evolution of the delayed perturbations. We found generally good agree-
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ment between radar and satellite results. We have also found that for an increase in
the polar cap potential drop, the prompt penetration electric fields are perpendicu
lar/southward from about noon to after midnight and perpendicular/northward in
the morning sector, with largest magnitudes near dusk. Here, again, our results are
in good agreement with predictions from global convection models. The latitudinal
variation of the prompt penetration electric fields follows roughly the theoretical
21(1-3/4) 1 1 2 dependence. The time-delayed zonal drift perturbations are gener
ally westward and have their largest magnitudes during nighttime. Small eastward
drift perturbations are found at the upper mid latitudes in the prenoon sector as
well as at low latitudes during the day. At mid latitudes, the time-delayed zonal
drift perturbation pattern differs significantly from the theoretical Blanc-Richmond
disturbance dynamo response. We suggest that electric field leakage during sta
tionary conditions plays an important part for the generation of zonal plasma drift
perturbations at mid latitudes.

6.2

Suggestions for Future Work
We have seen in this work that, although the basic physics of ionospheric elec

tric fields is well understood, it is in practice not trivial to empirically model the
actual observations. This is partly due to the limited number of available measure
ments and also to the inherent limitations of the parameters used for the character
ization of the electric field source mechanisms. We have shown that the dynamics
of the F-region ionosphere can vary from day to day and also on shorter time scales
even during geomagnetically quiet periods. The identification and parametrization
of the source mechanisms of these variability will be one of the most important
challenges for ionospheric electric field studies in the near future. These studies
will certainly require more measurements and particularly observations over more
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extended periods of time than presently available.

To extend the validity of the empirical models during geomagnetic active con

ditions, it will be necessary to determine the importance of additional perturbation
mechanisms over which we have averaged in our analysis and consequently extend

the current parametrization of the perturbation mechanisms. These studies need

to include the relative importance of substorms and convection enhancements on

the generation of storm-time electric fields at lower latitudes as well as the deter

mination of the dependence of the perturbation patterns on IMF B y . We have also
alluded to the possible importance of a seasonal and/or solar cycle dependence of

the perturbation drifts, particularly for the disturbance dynamo component. Ho,v

ever, it is impossible with the current data set to infer these seasonal/solar cycle

trends.

We anticipate that cooperative efforts between experiment, data analysis, and

theory will lead to a detailed understanding of the complicated processes that cou

ple the high-latitude and equatorial ionospheres. These studies could address the

relative importance of travelling ionospheric disturbances (TIDs) and other pertur

bation mechanisms in the generation of time-delayed storm-time electric fields, and

illuminate the role of the steady-state leakage of high-latitude electric fields to the

lower latitudes and the conditions for weak high-latitude shielding. Another open

question that could be addressed in these cooperative studies concerns the iden

tification of the generation mechanism responsible for the long-term vertical drift
perturbations at the equator.

Yet, the accuracy of all empirical electric field models will strongly depend on

the accuracy of the input parameters. A better parametrization of the polar cap

cross potential, as well as of the global high-latitude energy input and possibly their
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longitude/local time distribution, would be advantageous over our current use of
the standard auroral electrojet index.
Finally, the incorporation of all available ionospheric electric field observations
into one global empirical ionospheric electric field model, including seasonal, solar
cycle, longitudinal, latitudinal, altitudinal, and storm-time effects, will be a very
desirable step for the understanding of ionospheric processes and for space weather
applications.
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